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Show  single,  slightly  curved  tube  from  cell  to  surface  gage. 

Note  that  there  is  no  lateral  or  radial  force  acting  on  side- 
walls  of  cell  during  calibration. 

Change  ordinate  from  "oc/oz"  to  "ac/ox." 

Upper  right  corner.  Change  "D  = 2P  = b in."  to  ”D  = 2B  = 6 in.' 
Left  center  note  should  read  Op  = 03  . 

Upper  sketch.  Change  "h  = O.UD"  to  "h  = 0.2D." 

Change  ordinate  to  ”03  = -u."  (Max  u = 13.26  psi.) 

Title  should  read:  "Measured  Stresses  at  Midheight  for  Deadweight 

and  with  Forming  Jacket  On." 

Bottom  abcissae  should  read:  ”ee  = (ez  - ec).M 

Left  center  note.  Change  "See  Figure  76"  to  "See  Figure  75.” 

Top  left.  Change  "See  Figure  76"  to  "See  Figures  77  and  70." 
Bottom  reference.  Change  "See  Fig.  83"  to  "See  Fig.  82." 

Bottom  reference.  Change  "See  Fig.  78"  to  "See  Figs.  79-81." 

Add  Indicator  line  from  left  center  note  to  solid  registration 
ratio  diagram. 

Add  Note:  Test  data  for  specimen  70,  cell  119,  at  26-in.  elev. 

Add  Note:  Test  data  for  specimen  68,  cell  119»  at  26-in.  elev. 

Add  Note:  Test  data  for  specimen  72,  cell  89,  at  Lli-in.  elev. 

Add  Note:  Test  data  for  specimen  67,  cell  85,  at  26-in.  elev. 

Add  Note:  Test  specimen  79* 

Add  Note:  Test  data  for  specimen  70,  cell  83,  at  26-in.  elev. 

Add  Note:  Test  data  for  specimen  70,  cell  83,  at  26-in.  elev. 

Note  below  table  should  read:  Data  from  fourth  load  cycle  in 

Fig.  97. 

Upper  left  corner.  Change  "Fig.  97"  to  "Fig.  95." 
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Abstract  Page  II,  Line  8:  Change  "magnitude  and  direction"  to  magnitude, 

Urection,  and  ratio" 

Page  18 , Line  6 from  bottom:  A M before  (Figure  U):  "In  the  WES  cell” 
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Page  22  , Line  5 from  top:  Change  “Figure  2“  to  “Figure  22" 

Page  31,  Line  7 from  bottom:  change  “Figure  95"  to  "Figures  95  and  97" 

Page  '31 , Lice  6 from  bottom:  Add  "Terzaght"  before  Figure  126-b. 

Page  34,  Line  11  from  bottom:  Add  “the  elevation"  after  “influence  of" 

Page  37,  Line  4 from  top:  Change  "soil"  to  "oil" 

Page  37,  Line  7 from  top:  Change  "1/24"  to  "1/25" 

Page  37,  Line  4 from  bottom:  Change  “relative"  to  "relatively 

Page  39,  Line  3 from  top:  Change  "radial"  to  "axial" 

Page  4l,  Line  3 from  top:  Change  "stresses"  to  "stress" 

Page  45,  Equation  6b:  Change  "ox  - as"  to  "oc  - a 

Page  53,  Equation  21b:  Chenge  "o3  - 6C"  to  "6S  - 6^" 

Page  57,  Line  8 from  top:  Change  "oc/oz"  to  "ac/ox 

Page  57,  Line  9 from  top:  Change  "and"  to  "vith" 

Page  57,  Line  12  from  top:  Change  "Figure  l6."  to  "Figure  17." 

Page  59,  Line  3,  para  43:  Change  to  read:  may  be  formed  by  improper 

installation  and...." 

Page  65,  Equation  at  top:  Enclose  the  two  fractions  in  parentheses. 

Page  75,  Line  2 from  bottom:  Change  "Figure  31."  to  "Figure  34." 

Page  77,  Line  5 from  top:  Change  "Figure  31B."  to  "Figure  34B." 

Page  77,  Bottom  line:  Change  "are  in"  to  "is  defined  by" 

Page  90,  Line  10  from  bottom:  Change  "Figure  26."  to  "Figure  25." 

Page  169,  Line  7 from  bottom:  Change  "Figure  62."  to  "Figure  63." 

Page  193,  Equation  (99):  Change  "Mx"  to  "Ms" 

Page  229,  Line  4 from  top:  Change  "modulus"  to  "moduli" 

Page  231,  Line  4 from  bottom:  Change  "l4.1  psi"  to  "14.3  psi" 

Page  234,  Line  15  from  bottom:  Change  "Figure  89”  to  "Figure  86" 

Page  23!i,  Line  1 from  bottom:  Delete  "additional" 

Page  240,  Line  21  from  top:  Change  to  read:  "...vertical  soil  pressure 

cell  measuring  horizontal  stresses  are...." 

Page  246,  Line  7 from  top:  Change  "Figure  97"  to  "Figure  95" 

Page  246,  Line  l4  from  bottom:  Change  "Figure  95a"  to  "Figure  96a" 

Page  246,  Line  13  from  bottom:  Change  "Figure  95b"  to  “Figure  96b" 

Page  246,  Line  5 from  bottom:  Change  "Figure  96"  to  "Figure  97" 

Page  252,  Line  2 from  top:  Change  "Figure  11"  to  "Figure  12"^ 

Page  256,  Line  1 from  top:  Change  "Figure  5a"  to  "Figure  51a" 

Page  256,  Line  10  from  top:  Change  "Figure  5b"  to  "Figure  51b" 

Page  256,  Line  4 from  bottom:  Change  "tests"  to  "test" 

Page  257,  Line  16  from  top:  Change  "Figures  80-91"  to  "Figures  86-91" 

Page  260,  Line  5 from  bottom:  Change  "but  were"  to  "which  is" 

Page  26l,  Line  10  from  bottom:  Delete  "and"  at  start  of  line. 

Page  262,  Line  11  from  bottom:  Change  "of  compacted"  to  "in  compacted" 

Page  266,  Paragraph  7 from  top:  Add  "for  measuring  of  horizontal  stresses" 

Page  269,  Reference  5:  Change  "by"  to  "bei" 

Page  270,  Reference  1:  Change  "Chclqpati"  to  "Chelapati" 

Page  270,  Reference  1:  Change  "Test  Note"  to  "Tech.  Note" 

Pa^*e  770,  Last  Reference:  Change  titlcn  of  paper  and  publication  to 

"Pin  Neues  Hydrauliches  Fernmecovcrfahren  fur  Mechanlsche  Spanmingen 
Lrucfce.  Archlv  fur  Techninches  Mesocn" 
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PREFACE 


At  a meeting  in  June  1953  the  Board  of  Consultants  for  the  Soils 
Division,  Waterways  Experiment  Station  (WES),  approved  construction  of  a 
large  triaxial  compression  device  of  the  vacuum  type  and  performance  of 
tests  with  WES  soil  pressure  cells  placed  in  test  specimens  of  this 
device.  The  triaxial  device  was  built  and  the  recommended  tests  were 
made  in  195^-55.  However,  difficulties  were  encountered  in  evaluation 
of  the  test  data  and  in  preparation  of  a report  on  the  tests,  because  the 
test  results  in  many  cases  did  not  seem  to  agree  with  the  then  commonly 
used  theories  for  soil-cell  interaction.  Preparation  of  the  report  was 
suspended  in  1957  for  lack  of  funds  and  assignments  with  a higher  pri- 
ority rating.  Work  on  the  test  data  and  the  report  were  resumed  in  1970 
on  an  intermittent  basis. 

The  original  tests  were  performed  and  intermittent  and  very  brief 
memoranda  were  prepared  by  Mr.  H.  H.  Ulery  under  direct  supervision  of 
Mr.  R.  G.  Ahlvin,  and  general  supervision  by  Mr.  W.  J.  Turnbull,  Chief 
of  the  Soils  Division.  During  this  period  Major  General  (then  Colonel), 
A.  P.  Rollins  was  Director  and  Mr.  J.  B.  Tiffany  was  Technical  Director 
of  WES. 

The  report  was  prepared  by  Dr.  M.  J.  Hvorslev,  officially  retired 
but  reemployed  on  a part-time  basis.  During  preparation  of  the  final 
report,  Mr.  J.  P.  Sale  was  Chief  of  the  Soils  and  Pavements  Laboratory, 

BG  E.  D.  Peixotto  and  COL  G.  H.  Hilt  were  Directors,  and  Mr.'  F.  R.  Brown 
was  Technical  Director  of  WES. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (31) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con- 
verted to  metric  (SI)  units  as  follows: 


Multiply 

inches 

square  inches 
cubic  feet 
pounds  (mass) 

pounds  (mass)  per  cubic  foot 
kips 

pounds  (force) 
per  square  inch 

degrees  (angle) 

Fahrenheit  degrees 




0.025k 

6.4516 

0.02831685 

0.4535924 

16.01846 

4448.222 


To  Obtain 

metres 

square  centimetres 
cubic  metres 
kilograms 

kilograms  per  cubic  metre 
newtons 


6.894757 

0.01745329 

5/9 


kilopascals 

radians 

Celsius  or  Kelvins 
degrees* 


* To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  read- 
ings, use  the  following  formula:  C = (5/9)(F  - 32).  To  obtain 

Kelvin  (K)  readings,  use:  K = ( 5/9 ) ( F - 32)  + 273.15. 
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THE  CHANGEABLE  INTERACTION  BETWEEN  SOILS  AND  PRESSURE  CELLS; 
TESTS  AND  REVIEWS  AT  THE  WATERWAYS  EXPERIMENT  STATION 


PART  I:  DEVELOPMENT  OF  SOIL  PRESSURE  CELLS 

Introduction 

1.  This  report  contains  a long  delayed  account  of  tests  with  the 
Waterways  Experiment  Station  (WES)  soil  pressure  cells  and  of  changes  in 
the  soil-cell  interaction  and  the  corresponding  errors  in  the  registra- 
tion of  the  pressure  cells,  which  often  appear  to  he  overlooked  in  dis- 
cussions of  test  data  and  measurements.  Part  I of  the  report  presents 
a brief  account  of  design  and  operation  of  the  principal  types  of  pres- 
sure cells,  currently  available,  and  of  early  tests  on  WES  soil  pressure 
cells,  which  were  placed  in  a solid-walled  shallow  container  filled  with 
sand  and  subjected  to  confined  compression  The  results  of  these  tests 
are  described  in  a report  of  19*+^,  which  for  many  years  was  a principal 
source  of  data  on  soil  pressure  cells.  To  obtain  data  on  the  pction  of 
pressure  cells  for  various  loading  conditions,  the  early  experiments 
were  supplemented  in  195^-55  by  tests  on  WES  soil  pressure  cells  placed 
in  test  specimens  of  a large  triaxial  compression  device.  The  test  data 
did  not  yield  fully  conclusive  information  on  the  soil-cell  interaction, 
but  some  of  the  data  are,  nevertheless,  significant.  The  evaluation  of 
the  test  data  and  preparation  of  a final  report  were  interrupted  in  1956, 
because  priority  was  given  to  other  investigations,  but  the  work  was 
resumed  in  1970  as  a part-time  assignment.  An  important  objective  of 
the  investigations  was  to  determine  the  validity  or  limitations  of 
theories  for  soil-cell  interaction,  and  this  objective  governed  in  part 
the  plan  of  tests  and  the  preparation  of  the  report.  Therefore,  the 
second  part  of  the  report  is  a fairly  detailed  review  of  a considerable 
variety  of  theories  for  soil-cell  interaction,  which  have  been  proposed 
to  date  and  are  based  on  different  simplifying  assumptions.  The  third 
and  main  part  of  the  report  contains  a summary  of  the  results  obtained 
in  the  195^-55  tests  and  comparison  of  these  data  with  the  theories  for 
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cell  action.  The  various  types  of  soil  pressure  cells  described  and  the 
theories  for  soil-cell  interaction  discussed  in  the  report  do  not  con- 
stitute an  encyclopedic  review  of  the  rapidly  increasing  literature  on 
the  subject.  Furthermore,  papers  and  reports  published  after  Janu- 
ary 1971  may  he  mentioned  but  sire  not  reviewed  in  the  report. 


Initial  Developments 


2.  One  of  the  earliest  soil  pressure  cells  for  field  use  was 
developed  by  Goldbeck  (1916)*  and  is  shown  in  Figure  1.  The  central 
and  active  part  of  the  relatively  thick  face  plate  is  connected  to 
another  plate  or  piston  through  a thin  and  flexible  plate  which  acts 
as  a hinge  and  allows  small  axial  movements  of  the  sensitive  part  of  the 
face  plate.  The  piston  is  normally  supported  by  an  insulated  button  in 
the  base  plate.  The  button  is  connected  to  the  surface  by  an  insulated 
wire  inside  a small  tube.  The  latter  permits  changing  the  air  pressure 
inside  the  cell.  To  make  a measurement  of  the  soil  pressure,  the  air 
pressure  is  increased  until  the  electrical  connection  between  button  and 
piston  is  broken,  whereupon  the  air  pressure  is  decreased  until  the 
electrical  connection  is  reestablished.  Difficulties  were  encountered 
in  actual  field  installations.  Pressure  on  the  face  plate  may  be  in- 
crease' by  the  counter  movement  required  to  break  the  electrical  connec- 
tion, which  also  is  influenced  by  moisture  conditions  in  the  cell  and  by 


deformations  of  the  pipe  and  cable.  In  G 
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cell,  called  a pressure  pad  and  shown  in  Figure  1-B,  was  developed 
concurrently.  It  consists  of  two  large  circular  plates,  welded  together 
but  a short  distance  apart.  The  interior  space  was  filled  with  oil  and 
connected  by  a tube  to  the  soil  surface  and  a simple  gage  for  measuring 
liquid  pressures.  Difficulties  were  encountered  which  are  attributed  to 
temperature  variations  and  deformations  of  the  tube  between  the  pad  and 
the  soil  surface.  Another  simple  and  frequently  used  pressure  cell  is 
3hown  in  Figure  2.  It  has  an  inactive  rim,  and  the  active  part  of  the 
face  plate  is  thin  enough  to  form  a measuring  diaphragm.  Soil  pressure 
is  correlated  with  strains  in  the  diaphragm,  which  are  measured  by 
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electrical  resistivity  foils  or  unbounded  gages.  This  type  of  pressure 
ceil  may  be  used  to  advantage  in  fairly  fine-grained  and  uniform  soils; 
however,  stones  in  the  soil  may  cause  eccentric  load  concentrations  and 
also  damage  the  diaphragm.  These  disadvantages  are  reduced  in  the 
Carlson  stress  meter.  Figure  3,  and  in  the  WES  soil  pressure  cell,  Fig- 
ure 4.  Both  of  these  cells  use  a fairly  thick  face  plate  with  a flex- 
ible rim,  which  transfer  the  load  to  a thin  layer  of  confined  liquid  and 
acts  on  an  interior  measuring  diaphragm;  but  other  details  of  the  cells 
are  quite  different,  and  they  were  developed  concurrently  and  indepen- 
dently of  each  other  and  are  used  in  soils,  rock,  and  concrete.  The 
Carlson  stress  meter  is  described  in  greater  detail  by  Carlson  (1939), 
Carlson  and  Plrtz  (1952),  and  also  in  TM  210-1,  1944,  by  the  WES.  A 
revised  design  of  the  Carlson  stress  meter  has  recently  been  developed, 
but  details  are  not  available,  pending  completion  of  trial  tests. 

The  WES  Soil  Pressure  Cell 


General  design  data 

3.  The  principal  features  of  the  original  WES  soil  pressure  cell 
are  shown  in  Figure  4-A  and  were  developed  by  J.  0.  Osterberg  during  his 
employment  at  the  WES.  The  cell  consists  of  a face  plate  and  a base 
plate,  both  fairly  heavy  and  welded  together  at  the  outer  edge  but  leav- 
ing a thin  interspace  in  the  central  part  which  is  filled  with  mercury. 


xii  unc 
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formed  and  the  load  on  the  face  plate  is  transmitted  to  the  thin  mercury 
layer,  which  acts  on  a thin  diaphragm  in  the  base  plate.  This  arrange- 
ment decreases  the  influence  of  a concentration  and  eccentricity  of  the 
load  on  the  face  plate.  The  stresses  in  the  diaphragm  and  corresponding 
pressure  in  the  mercury  are  determined  by  means  of  strain  gages, 
cemented  to  the  diaphragm  and  connected  into  a’ Wheatstone  bridge.  Orig- 
inally the  strains  in  the  central  part  of  the  diaphragm  were  deter- 
mined by  two  radial  wire  strain  gages,  and  two  dummy  gages  provided 
temperature  compensation.  This  arrangement  was  later  changed  to  a pair 
of  foil  strain  gages  near  the  center  and  a corresponding  pair  near  the 
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outer  edge  of  the  diaphragm.  One  pair  undergoes  positive  strains  and 
the  other  pair  negative  strains;  this  arrangement  yields  a higher  degree 
of  resolution  in  comparison  vith  the  original  design.  Wires  from  the 
strain  gages  lead  to  an  outside  cable  through  a radial  fitting  and  flex- 
ible tubing  with  a hermetic  seal.  Most  of  the  soil  pressure  cells  were 
built  in  two  sizes  with  diameters  of  6 in.*  and  12  in.,  both  with  a 
thickness  of  1 in.  Further  details  may  be  found  in  WES  Technical  Manual 
Mo.  210-1  of  1944  and  also  in  the  paper  by  Woodman  (1955). 

4.  Some  difficulties  have  been  encountered  in  the  manufacture  and 
use  of  the  WES  soil  pressure  cells,  Figure  4-A.  It  is  not  easy  to 
machine  the  peripheral  slot  in  the  face  plate  with  adequate  accuracy  to 
form  a flexible  rim  of  the  desired  thickness.  The  original  cells  were 
made  of  stainless  steel,  type  4l6,  hut  this  steel  has  presented  diffi- 
culties in  welding  and  has  required  special  treatment  to  prevent  progres- 
sive changes  in  its  elastic  properties.  Tests  are  currently  being  made 
with  cells  of  an  experimental  design  shown  in  Figure  4-B.  The  face  plate 
now  consists  of  two  parts,  one  forming  an  outer  cover  and  the  other  an 
inner  plate  with  a slot  forming  the  flexible  rim.  Welding  is  eliminated 
in  favor  of  screw  Joints  and  0-rings.  The  material  has  been  changed  to 
a free  cutting  carbon-manganese  steel  with  stable  elastic  properties , 
and  corrosion  resistance  is  obtained  by  application  of  rust  protectors. 

9.  The  pressure  cell  designs  in  Figures  3 and  4 have  in  common 
that  the  pressure  on  the  cell  is  determined  by  calibration  with  the 
strain  of  electrical  resistance  in  the  wire  or  foil  sensor.  In  Figure  3 
forces  and  movements  are  transmitted  by  mechanical  means  whereas  this 
transmission  is  obtained  by  epoxy  cements  (Figure  4).  Many  other  designs 
have  been  developed  and  some  will  be  described  after  summarizing  results 
of  initial  tests  with  cells  of  the  design  shown  in  Figure  4-A.  Pressure 
cells  of  this  design  are  called  "Waterways  Experiment  Station  Soil  Pres- 
sure Cell"  when  discussed  in  this  report.  An  entirely  different  uyp * of 
pressure  cell  utilizes  calibration  of  the  pressure  on  tne  cell  against 


* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (Si)  units  is  presented  on  page  10. 
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changes  in  vibrations  of  a taut  wire  sensor.  Pressure  cells  of  this 
type  are  primarily  used  in  Europe  and  are  not  considered  in  this  report. 

6.  The  WES  soil  pressure  cells  are  calibrated  in  a double  dia- 
phragm chamber,  Figure  5-A,  where  air  pressure  can  be  applied  to  the  top 
and  bottom  surfaces  of  the  cell, but  is  prevented  from  acting  on  the 
cylindrical  surfaces  and  in  the  peripheral  slot.  Woodman  (1955)*  Calibra- 
tion factors  obtained  by  this  loading  are  slightly  different  from  those 
yielded  by  hydrostatic  air  or  liquid  pressure  on  all  surfaces  of  a cell. 
Both  calibration  factors  are  needed  in  use  of  the  WES  soil  pressure  cell. 
The  cell  reading  corresponds  to  the  sum  of  soil  and  pore  pressure;  the 
latter  is  measured  separately  or  estimated  and  the  corresponding  reading 
is  subtracted  from  the  total  reading  to  obtain  the  effective  soil  pres- 
sure. As  discussed  later  in  greater  detail,  the  inclusion  effect  and 

the  registration  of  a pressure  cell  depend  not  only  on  the  field  stress 
normal  to  the  cell  but  to  some  extent  also  on  lateral  field  stresses. 
Therefore,  it  is  desirable,  at  least  for  each  type  of  cell  and  soil,  to 
check  the  routine  calibration  with  a test  ir  which  the  cell  is  embedded 
in  soil  and  subjected  to  inclusion  effects  and  lateral  stresses.  Con- 
fined compression  in  a chamber  of  stacked  rings  with  rubber  spacers. 

Figure  5-B,  may  be  used  for  this  purpose.  The  sidewall  friction  in  such 
a chamber  is  decreased  to  a negligible  amount.  A compression  chamber 
formed  by  separated  rings  was  first  used  by  the  Swedish  Geotechnical 
Institute  in  tests  with  gravel;  finer  grained  material  may  enter  the 
open  space  between  the  rings.  Rubber. spacers  between  the  rings  was  in- 
troduced by  Seaman  (1966),  who  used  rubber  spacers  cemented  to  the  rings, 
whereas  the  design  shown  in  Figure  5-B  was  developed  at  the  WES. 

Initial  investigations 
of  soil-cell  interaction 

7.  Observations  by  Eenkelman  and  Lancaster  (I9b0)  show  that  the 
soil  pressures  registered  by  a pressure  cell  may  vary  with  the  thickness- 
diameter  ratio  of  the  cell  and  with  the  relative  stiffness  of  cell  and 
soil.  In  an  attempt  to  obtain  more  quantitative  data,  WES  soil  pressure 
cells  were  tested  in  a pressure  chamber  with  a diameter  of  28  in.  and  a 
height  of  10  in.  The  chamber  was  filled  with  standard  Ottawa  sand 
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FIGURE  5a.  DOUBLE  DIAPHRAGM  CALIBRATION  CHAMBER. 
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and  covered  with  a rubber  membrane*  Cor  transmission  of  uir  pressure 
above  the  sand.  In  some  testa  the  pressure  celln  were  placed  at  mid- 
height in  the  sand  and  in  other  teats  the  cells  were  embedded  in  a layer 
of  plaster-of-Puris  below  the  sand.  The  protrusion  ratio  of  these  cells, 
H^/2B*  , varied  from  0 to  1.0;  see  Figure  2.  The  tests  are  described  in 
WES  Technical  Manual  No.  210-1,  19^.  The  results  obtained  are  summa- 
rized in  the  following  paragraphs,  where  is  the  actual  soil  stress, 

0 is  the  stress  indicated  bv  the  pressure  cell:  o /c  is  called  the 

c c s 

registration  ratio  and  (0  fa  ) = (o  - 0 )/c  is  the  error  ratio. 

0 3 CSS 

a..  Changes  in  the  stiffness  of  a thin  pressure  cell  in  loose 
sand  has  little  influence  on  the  registration  ratio  when 
the  diameter -deflection  ratio,  D/ 6C  , is  greater  than 
2000,  in  which  case  registration  ratios  of  1.C0  to  I.50 
were  obtained. 

b^.  The  registration  ratio  of  a stiff  pressure  cell  decreases 
with  decreasing  thickness  of  the  cell,  but  this  change  is 
small  when  the  diameter-thickness  ratio,  D/2B  , is  greater 
than  5,  in  which  case  registration  ratios  of  1.00  to  1.20 
were  obtained. 

c_.  A pressure  cell  mounted  flush  with  a stiff  boundary  or  the 
bottom  of  the  chamber  underregisters,  but  this  underregis- 
tration decreases  with  increasing  stiffness  of  the  cell, 
and  changes  ir.  registration  are  small  when  the  diameter- 
deflection  ratio  is  greater  than  1000.  On  the  other  hand, 
the  registration  ratios  decrease  rapidly  with  decreasing 
stiffness  or  diameter  deflection  ratios,  D/6C  , of  the 
cell. 

d.  The  registration  ratio  of  a pressure  cell  increases  with 
increasing  protrusion  of  the  cell  from  a stiff  boundary. 
Registration  ratios  of  0.90  to  1.00  were  obtained  with 
diameter-protrusion  ratios  (D/Hg)  = 30  or  less.  (The 
underregistration  changes  to  overregistration  when  the 
protrusion  ratio  is  large  or  the  cell  just  rests  on  the 
rigid  boundary.) 

8.  Numerical  values  of  test  data  summarized  in  paragraph  7 were 
probably  influenced  by  the  shallow  depth  of  the  sand  layer  and  the  use 
of  a rigid  test  bin,  but  the  general  relationships  are  undoubtedly  cor- 
rect and  are  widely  quoted.  They  also  agree  with  relations  obtained  by 


* For  convenience,  symbols  and  unusual  abbreviations  are  listed  and 
defined  in  the  Notation  (Appendix  A). 
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theories  developed  in  later  years,  which  may  be  summarized  or  restated 
as  follows: 

£i.  The  registration  ratio  of  a pressure  cell  in  a free  field 
or  in  surface  contact  with  a rigid  boundary  is  greater 
than  1.0  when  the  cell  is  stiffer  than  the  soil,  but  this 
ratio  is  smaller  than  1.0  when  the  cell  is  more  compress- 
ible than  the  soil. 

b.  The  registration  ratio  of  a pressure  cell  embedded  in  a 
rigid  boundary  material  may  be  greater  or  smaller  than 
1.0  depending  on  the  relative  stiffness  of  soil  and  cell 
and  on  the  protrusion  ratio  of  the  cell,  Hs/D  . 

c_.  The  error  ratio  of  a pressure  cell  (oc  - os)/os  > 

generally  proportional  to  the  thickness-diameter  ratio  of 
the  cell,  2B/D  . 

cl.  These  relations  and  the  numerical  data  in  paragraph  7 
should  be  reconsidered  and  restated  when  the  pressure 
cell  has  an  inactive  rim  and  the  maximum  deflection  occurs 
in  the  center  of  the  cell. 

Structural  action 
of  the  WES  pressure  cell 

9.  Design,  calibration,  and  structural  action  of  WES  pressure 
cells  have  been  the  subject  of  several  investigations,  which  are  dis- 
cussed in  the  report  "Summary  of  Earth  Pressure  Cell  Development  of 
195^,"  WES  Miscellaneous  Paper  No.  5-21.  A few  of  these  investigations 
are  described  in  the  following  paragraphs. 

10.  Modulus  of  deformation.  The  registration  ratio  of  a given 
pressure  cell  and  soil  is  a function  of  the  overall  deformations  of  the 
pressure  cell,  which  are  not  easy  to  determine  with  sufficient  accuracy. 
Small  irregularities  in  the  surface  of  the  cell  cause  the  stress-strain 
diagrams  to  become  curved,  as  shown  in  Figure  6.  Ai ter  grinding  the 
faces  of  a cell,  ti  much  flatter  but  still  curved  diagram  is  obtained, 
which  yields  a tangent  modulus  of  26,700  psi  at  the  start  of  the  test 
and  U6,000  psi  at  the  rated  capacity  of  the  cell.  The  final  tangent 
modulus  of  the  cell  before  grinding  is  39,506  psi  whereas  the  modulus 
computed  in  design  of  the  cell  is  53,200  psi,  disregarding  the  stiffness 
of  the  flexible  rim.  However,  the  measured  and  computed  moduli  at  rated 
cell  capacity  are  of  the  same  order  of  magnitude.  The  moduli  for  hydro- 
static loading  were  not  determined  experimentally  but  obtained  by 
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assuming  proportionality  between  moduli  and  calibration  factors. 

11.  Carlson  (1952)  encountered  similar  difficulties  in  determining 
the  deformation  moduli  of  his  stress  meters.  He  solved  the  problem  by 
developing  an  interferometer  technique  for  measuring  the  change  in  thick- 
ness of  the  meter  while  it  is  being  subjected  to  all-round  air  pressure. 
The  interf erometer  can  be  observed  through  a window  in  the  pressure 
chamber. 

12.  Influence  of  nonun if ormity  of  loading.  It  has  been  mentioned 
already  that  the  WES  soil  pressure  cell  is  less  sensitive  to  a nonuni- 
formity  of  load  elements  than  is  a common  pressure  cell  of  the  type 
shown  in  Figure  2;  that  is,  the  registration  of  a given  annular  load 
should  vary  relatively  little  with  the  radius  of  the  annulus  for  the  WES 
pressure  cell,  whereas  for  the  cell  in  Figure  2 the  registration  for 
such  loads  varies  from  aero  at  the  edge  to  a maximum  in  the  center.  The 
effect  of  an  eccentricity  of  the  total  load,  or  a pressure  gradient 
across  the  face  of  the  cell  may  be  quite  different.  This  case  was  in- 
vestigated in  a single  test  in  which  the  load  was  applied  through  a 
movable  knife  edge  on  top  of  the  solid  steel  cylinder,  covering  the  face 
plate  of  the  cell.  The  results  obtained  for  an  eccentricity  of  1/8  in. 
or  a pressure  gradient  of  33  percent  are  shown  in  Figure  7,  and  the 
diagram  shows  a decrease  in  cell  registration  varying  from  a maximum  of 
1^.5  percent  at  low  loads  to  a minimum  of  2.5  to  7.0  percent  at  high 
loads = Dials  attached  to  the  loading  block  indicated  tipping  of  the 
face  plate,  which  may  be  the  direct  cause  of  under registration.  The  re- 
sults obtained  are  quite  erratic,  and  additional  tests  should  be  made 
before  attempting  to  formulate  the  relationship  between  a stress  gradient 
and  change  in  cell  registration.  The  influence  of  the  radius  of  uniform 
annular  loading  should  also  be  investigated  for  the  WES  pressure  celJ . 

13.  Effect  of  lateral  forces  on  a pressure  cell.  An  increase  of 
radial  pressure  on  the  cylindrical  surface  of  the  pressure  cell  will 
cause  an  increase  of  lateral  compression  in  the  body  of  the  cell  and,  by 
reason  of  the  Poisson  effect,  alBO  an  increase  in  thickness  of  the  pres- 
sure cell  and  a corresponding  Increase  in  cell  registration.  These 
changes  in  thickness  and  cell  registration  are  very  small  because  of 
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the  large  modulus  of  deformation  of  the  steel,  and  they  are  usually 
negligible  in  comparison  with  the  influence  of  other  factors.  However, 
Carlson  and  Pirts  (1952)  suggest  that  an  increase  in  radial  pressures  may 
magnify  the  transverse  deflection  of  the  inner  diaphragm  and  thereby  in- 
crease the  registration  of  the  stress  meter.  It  was  assumed  that  the 
radial  pressures  were  caused  by  temperature  variation  of  a meter  in 
direct  contact  with  concrete.  Placing  compressible  material  around  the 
cylindrical  surface  of  the  meter,  and  reducing  the  thickness  of  the 
mercury  film  to  one-third  of  its  original  values,  caused  a very  material 
decrease  in  the  temperature  compensation  factor.  These  comments  refer 
primarily  to  the  pressure  cell  itself,  but  lateral  pressures  may  cause 
considerable  changes  in  the  deformations  and  stresses  in  the  soil. 

li».  The  cylindrical  surface  of  the  WES  soil  pressure  cell  is 
covered  with  adhesive  tape  to  prevent  soil  from  entering  the  peripheral 
slot.  A test  was  made  with  a cell  having  its  cylindrical  surface  covered 
with  several  layers  of  adhesive  tape  to  prevent  soil  from  entering  the 
peripheral  slot.  The  test  was  inconclusive  possibly  because  it  was  made 
in  a large  vacuum  type  triaxial  specimen  where  changes  in  effective  con- 
fining pressures  and  pore  pressures  may  compensate  each  other.  It  was 
observed  that  pressure  cells  placed  on  edge  in  a triaxial  specimen  for 
measurement  of  radial  and  tangential  stresses  had  considerably  smaller 
registration  ratios  than  cells  for  measuring  axial  and  diagonal  stresses. 

15.  It  has  been  suggested  that  lateral  or  shear  forces  on  the 
face  surfaces  of  a soil  pressure  cell  may  ini luence  cell  registration. 

A single  improvised  test  with  such  shear  forces,  made  at  the  Waterways 
Experiment  Station,  indicated  that  shear  forces  had  very  little  influence 
on  the  cell  registration.  Detailed  test  data  are  not  available  now,  and 
the  test  results  were  not  conclusive.  In  summary,  the  influence-  of 
radial  pressures  and  shear  forces  on  a soil  pressure  cell  has  not  yet 
been  determined  conclusively  by  experiments.  However,  as  will  be  dis- 
cussed later  on,  Askegaard  (1963)  and  Bates  (1969)  have  shown  theoreti- 
cally that  a change  in  lateral  earth  pressure  may  have  considerable  in- 
fluence on  the  axial  earth  pressure  and  on  the  corresponding  registra- 
tion of  a soil  pressure  cell. 


27 


16.  Temperature  corrections.  The  influence  of  . ature  changes 

on  the  output  of  the  electrical  circuits  can  be  comi  ensa>.  x automatically 
by  proper  design  of  the  bridge  formed  by  the  four  strain  gages,  when  all 
parts  of  the  cell  body  are  made  of  the  same  steel,  a uniform  change  in 
temperature  should  not  give  rise  to  disturbing  stress  changes,  but  the 
difference  between  volume  changes  of  the  cell  body  and  the  stirrounding 
soil  may  cause  a slight  change  in  cell  registration.  However,  this  does 
not  apply  to  the  mercury  film  below  the  face  plate,  since  the  volume 
change  of  mercury  for  a given  temperature  change  is  thirteen  times  as 
great  as  that  of  steel.  The  results  of  an  increase  in  temperature  will 
be  an  excess  increase  in  volume  of  the  mercury,  which  raises  the  face 
plate  and  increases  the  deflections  of  the  diaphragm  by  an  amount  which 
depends  on  the  resistance  offered  by  the  soil.  The  magnitude  of  this 
difference  in  volume  changes,  and  its  influence  on  cell  registration  can 
be  reduced  by  using  a smaller  amount  of  mercury.  Carlson  and  Pirtz 
(1952)  reduced  the  original  thickness  of  the  mercury  film  from  0,03  in. 
to  0.01  in.,  and  the  temperature  correction  was  thereby  decreased  to 
1 psi  per  degree  Fahrenheit  temperature  change  for  cells  embedded  in 
concrete. 

IT.  The  thickness  of  the  mercury  layer  in  WES  soil  pressure  cells 
is  about  0.03  in.  In  the  WES  Miscellaneous  Paper  No.  5-21,  1952,  it  is 
stated  that  it  was  desired  to  reduce  the  temperature  compensation  to 
0.01  percent  of  the  full  capacity  of  the  cell  for  each  degree  Fahrenheit 
temperature  change.  Tests  on  51  soil  pressure  cells  built  beiore  1951 
indicated  that  the  temperature  compensation  for  forty  of  these  cells  was 
greater  than  the  above  mentioned  0.01  percent,  but  none  was  greater  than 
0.05  percent  of  the  rated  capacity  per  degree  Fahrenheit.  It  is  empha- 
sized that  the  actual  temperature  compensation  depends  on  the  reaction 
of  the  soil  to  change  in  thickness  of  the  pressure  cell.  It  is  also 
stated  that  cells  buried  deep  in  a body  of  soil  undergo  only  very  small 
temperature  changes,  and  that  the  influence  of  temperature  changes  is 
slight  compared  to  that  of  variations  in  installation  techniques. 

Contact  pressures  and  inactive  rims 

18.  Stress  distribution  at  soil  pressure  cells.  Embedment  of  a 
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pressure  cell  will  change  the  stress  conditions  in  the  surrounding  soil 
unless  the  cell  has  the  same  deformation  properties  as  the  soil.  The 
genev el  form  of  the  stress  distribution  at  a pressure  cell  which  is 
stiff er  than  the  soil  is  shown  in  Figure  8.  Considerable  overstress 
occurs  in  a narrow  zone  near  the  edge  of  the  cell,  end  a corresponding 
understress  exists  in  the  soil  outside  the  perimeter  of  the  cell.  Stress 
conditions  in  the  overstressed  zones  above  and  below  the  cell  usually 
cause  partial  failure  of  the  soil  with  consequent  plastic  deformations 
and  a reduction  of  the  peak  over stress,  so  that  the  stress  distribution 
is  changed  to  that  indicated  by  the  dashed  line  in  Figure  8.  The  numer- 
ical values  depend  on  the  ratio  of  the  moduli  of  deformation  of  the  cell 
and  the  soil  and  on  the  diameter-thickness  ratio  of  the  cell.  For  a 
pressure  cell  which  is  more  compressible  than  the  surrounding  soil, 
under stress  occurs  above  and  below  the  cell  and  over stress  Just  outside 
the  perimeter  of  the  cell.  Theoretical  investigations  of  the  stress  con- 
ditions around  a pressure  cell  placed  in  an  ideal  clastic  material  have 
been  made  by  Monfore  (1950)  and  were  verified  in  experiments  by  Peattie 
and  Sparrow  (195*0,  Figure  8.  The  stress  distribution  at  a pressure 
cell,  which  is  stiff er  than  the  soil,  is  similar  to  that  existing  below 
and  around  a stiff  foundation  slab,  which  haB  been  treated  by  many 
investigators  and  i3  summarized  by  Terzaghi  (19**3),  Taylor  (19^8), 
Terzaghi  and  Peck  (1967). 

19.  The  stress  distributions  mentioned  in  the  foregoing  paragraph 
apply  primarily  to  an  ideal  elastic  material  or  to  purely  cohesive  soils. 
However,  it  appears  from  experiments  by  Peattie  and  Sparrow  (195*0  and 
from  observations  of  the  action  of  pressure  cells  that  these  stress  dis- 
tributions also  apply  to  other  soils,  including  confined  cohesionless 
soils,  provided  the  stress  conditions  do  not  approach  those  of  general 
failure.  The  latter  which  may  cause  a change  from  elastic  to  plastic 
conditions  usually  changes  the  stress  distribution;  according  to  Terzaghi 
(19**3,  Figure  126-b),  the  stresses  below  a loaded  plate  at  the  surface 
of  a cohesionless  soil  at  failure  reach  a maximum  in  the  center  and  ap- 
proach zero  at  the  edges.  For  a plate  or  pressure  cell  below  the  sur- 
face the  stress  at  the  periphery  will  probably  not  be  zero  but  correspond 
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to  the  confining  pressure  and.  to  the  cohesion  in  soils  with  both  friction 
and  cohesion  components  of  strength,  as  shown  by  the  dash-dot  diagram  in 
Figure  8,  whereas  the  maximum  stress  still  occurs  at  the  center.  Such  a 
change  in  stress  distribution  when  passing  from  the  elastic  to  the  plas- 
tic state  of  the  soil  probably  occurs  gradually  and  would  affect  the 
registration  ratio  of  pressure  cells  for  which  the  sensitivity  varies 
with  the  distance  from  the  center  of  the  diaphragm  as  in  Figure  2. 

20.  Pressure  cells  with  an  inactive  rim.  The  stress  concentra- 
tions near  the  edge  of  stiff  soil  pressure  cells  caused  Peattie  and 
Sparrow  (195M  to  suggest  that  such  pressure  cells  should  be  built  with 
an  inactive  rim,  Figure  2,  and  that  the  diameter  of  the  central  and  ac- 
tive part  should  only  be  about  hall  the  outside  diameter  of  the  entire 
cell.  Many  tests  have  verified  that  the  overregistration  of  such  a cel', 
vmder  the  usual  stress  conditions  is  much  smaller  than  for  a pressure 
cell  with  a full  active  face.  However,  the  sensitivity  of  pressure  cell 
diaphragm  of  the  type  shown  in  Figure  2 increases  from  zero  at  the  edge 
of  the  diaph.  to  a maximum  in  the  middle,  and  this  type  should  only 
be  used  in  sol.  3 without  stones  and  far  enough  away  from  boundary  Irregu- 
larities. Furthermore,  the  overregistration  of  such  a pressure  cell 
would  be  increased  when  stress  condition  in  a friction  type  soil  ap- 
proaches that  of  failure,  causing  the  stress  distribution  above  and 
below  the  cell  to  change  to  the  form  shown  by  the  dash-Cov.  line  in  Fig- 
ure 8.  The  WgS  conducted  tests  with  the  standard  6-in.  VKH  soil  pres- 
sure cell.  Figure  *r-A,  provided  with  a 3-in.  wide  inactive  rim.  The 
registration  ratio  of  these  cello  was  close  to  100  percent  for  low  prin- 
cipal stress  ratios  but  it  rose  to  193-172  percent  when  the  stress  con- 
ditions in  the  soil  approached  the  failure  conditions,  see  Part  1J.J, 
Figure  99*  These  results  of  the  Wi.’O  touts  ure  an  experimental  verifica- 
tion of  the  diagrams  suggested  by  Tcrscughi  In  lyt3,  Figure  1p6~ b.  A 
similar  rice  in  registration  ratios  when  approaching  failure  conditions 
of  the  soil  vuo  exhibited  by  WHO  soil  pressure  cells  without  an  Inactive 
rim.  In  general,  the  principle  of  an  inactive  rim  simplifies  the  con- 
struction of  a soil,  pressure  cell  and  improves  the  reliability  of  the 
registration  when  the  cell  Is  used  In  soils  without  stones  and  under 
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fairly  uniform  otresa  conditions,  but  the  possibility  of  a change  in 
stress  distribution  and  Its  effect  on  the  cell  registration  when 
approaching  failure  conditions  should  be  borne  in  mind  and  deserves 
further  investigation. 

Recent  Types  of  Soil  Pressure  Cell3 

21.  A great  variety  of  soil  pressure  cells  has  been  developed 
over  the  years.  In  many  cases  the  difference  between  such  cells  is  in 
minor  mechanical  details  or  in  methods  for  measuring  strains  or  deflec- 
tions of  diaphragms,  such  as  bonded  electrical  resistance  foils,  non- 
bonded  resistance  wires,  or  a vibrating  wire.  Some  recently  developed 
or  proposed  types  of  soil  pressure  cells  are  described  briefly  in  the 
following  paragraphs,  but  it  is  again  emphasized  that  this  report  pri- 
marily deals  with  the  WES  soil  pressure  cell,  shown  in  Figure  U-A,  and 
with  its  soil-cell  interaction. 

WES  double  diaphragm 
cell  with  inactive  rim 

22.  The  soil  pressure  cells  shown  in  J'igure  h are  primarily  used 

in  larger  soil  structures,  and  smaller  cells  may  be  needed  for  small 

models  and  in  laboratory  tests.  Such  cells  often  consist  of  small 

commercially  available  pressure  cells  which  are  provided  with  a collar 

or  inactive  rim  in  order  to  obtain  a more  favorable  diameter-thickness 

ratio  for  the  entire  pressure  cell.  A recent  WES  development  of  small 

soil  pressure  cells  is  shown  in  Figure  9 and  is  described  in  detail  in 

a report  by  J.  K.  Ingram  (1968).  The  active  diameter  of  this  cell  is 

0.75  in.,  and  it  has  a diaphragm  on  each  side  so  that  the  cell  is  nearly 

symmetrical  with  respect  to  the  midheight  plane.  This  lightweight 

collar  combined  with  the  interior  void  causes  the  unit  weight  of  the 

cell  to  be  close  to  that  of  soil,  and  the  cell  is  suitable  for  both 

static  and  dynamic  experiments,  provided  the  soil  does  not  contain 

stones  and  the  loads  on  the  diaphragms  are  fairly  uniformly  distributed. 

Glotzl  hydraulic 
soil  pressure  cell 

23.  Early  German  measurements  of  pressures  below  foundation  were 
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made  with  hydruulic  pressure  pads,  called  "druckkisuen,"  consisting  of 
two  flexible  steel  plates  welded  together  along  the  edges,  so  that  they 
form  a thin  reservoir  which  is  filled  with  oil  and  connected  by  a tube 
to  a pressure  gage  outside  the  foundation.  However,  the  pressures  mea- 
sured were  not  always  reliable  since  they  were  sensitive  to  temperature 
variations  and  pressures  on  the  connecting  tube,  and  the  flov  of  oil  to 
or  from  the  outside  pressure  gage  caused  too  large  movements  of  the 
plates.  These  disadvantages  have  been  practically  eliminated  through 
introduction  of  a diaphragm  valve  by  GIStzl  (1958),  Franz  (1958),  and 
others.  The  pressure  pad  is  connected  to  the  valve  unit  by  a short  pipe 
Figure  10,  forming  a closed  system  for  the  oil,  which  acts  on  one  side 
of  the  diaphragm  in  the  valve,  whereas  the  other  side  is  supported  by  a 
dentated  plate  with  inflow  and  outflow  pipes.  Oil  is  pumped  slowly  into 
the  valve  unit,  and  its  pressure  is  measured  by  an  outside  gage.  When 
the  pressure  of  the  inflowing  oil  becomes  a little  larger  than  that  in 
the  oil  of  the  pressure  pad,  the  diaphragm  deflects  a little  and  allows 
the  inflowing  oil  to  pass  to  the  outflow  pipe,  and  the  pressure  in  the 
inflowing  oil  ceases  to  rise.  The  required  movement  of  the  diaphragm  is 
much  smaller  than  that  required  for  the  Goldbeck  cell.  Figure  1,  and  the 
short  pipe  decreases  the  influence  of  temperature  changes  of  the  oil  and 
pressure  on  the  pipe.  The  hydraulic  diaphragm  valve  is  available  as  a 
separate  unit,  and  the  advertised  sensitivity  or  accuracy  is  0.15  psi. 
The  counter balancing  oil  may  be  replaced  by  a neutral  gas,  which  eli- 
minates the  influence  of  the  outside  pressure  gage.  The  standard  G15tzl 
pressure  pad.  Figure  10,  is  8 by  10  in.  with  a total  thickness  of  3/8  in 
and  an  effective  thickness-diameter  ratio  of  about  1/27;  circular  pres- 
sure cells  using  the  same  principles  of  design  and  operation  have  also 
been  built.  The  small  thickness-diameter  ratios  reduce  the  inclusion 
effect  and  the  cell  error,  but  the  thin  cells  are  easily  damaged  in 
coarse  and  stony  soil,  and  they  may  then  be  replaced  by  thicker  plates 
with  a flexible  rim,  similar  to  the  Carlson  or  WE3  stress  cells. 

URS  - Mason  soil  stress  cell 

2b.  A small  and  thin  soil  stress  cell  of  sophisticated  design  is 
shown  in  Figure  11.  It  was  developed  by  the  United  Research  Services 
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%"(VARIE5) 


SIMILAR  PRESSURE  EQUALIZING  VALVES  HAVE  BEEN 

BUILT  BY  SEVERAL  INVESTIGATORS. 

FIGURE  JO.  6L&ETZL  HYDRAULIC  SOIL  PRESSURE  CELL 
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under  direction  of  Dr.  H.  G.  Mason.  All  metal  parts  of  the  cell  are  of 
stainless  steel.  It  consists  of  an  inactive  rim  plus  two  cover  plates 
fastened  to  the  rim  by  epoxy.  The  central  space  is  filled  with  Diala 
oil,  and  the  pressure  in  this  soil,  considered  equal  to  the  soil  pres- 
sure, is  measured  by  a solid  state  sensor  supported  by  two  silk  bands. 

The  diameter  is  1.50  in.,  the  total  thickness  only  0.06  in.,  and  the 
thickness-diameter  ratio  is  1/24,  or  about  the  same  as  for  the  Glotzl 
soil  stress  cell.  The  cell  can  be  used  for  both  static  and  dynamic  mea- 
surements. The  use  of  a solid  state  sensor  increases  obtainable  resolu- 
tion, but  such  sensors  represent  recent  developments,  and  definite  data 
on  their  stability  over  long  periods  are  not  yet  available.  This  very 
thin  stress  cell  is  easily  damaged,  and  a less  delicate  cell  may  be  ob- 
tained by  increasing  the  diameter  without  increasing  the  thickness  diam- 
eter ratio.  The  stress  cells  shown  in  Figures  10  and  11  represent 
opposite  current  limits  of  simplicity  and  sophistication  in  design. 

The  SMRL  pressure 
cell  with  bevelled  rim 

25.  Figure  12  shows  the  principles  of  a rock  and  soil  stress  cell 
developed  at  the  Spokane  Mining  Research  Laboratory  by  R.  C.  Bates 
(1969),  who  analyzed  the  stress  conditions  in  the  cell  and  in  the  sur- 
rounding material  of  a free  field  by  the  finite  element  method.  Part  II. 
Bates  found  that  lateral  soil  pressures  may  significantly  increase  the 
axial  soil  stresses  and  registration  of  the  cell,  and  that  the  influence 
of  the  lateral  soil  pressures  may  be  decreased  by  bevelling  the  outside 
edge  of  the  proposed  pressures  cell,  Figure  12.  The  central  and  active 
part  of  the  cell  forms  an  exposed  and  relative  heavy  diaphragm,  but  the 
sensitivity  of  the  cell  is  increased  by  use  of  solid  state  strain  gages.* 
The  cell  shown  in  Figure  12  has  a rating  of  1000  psi  and  is  intended  for 
mining  investigations,  but  the  same  type  of  cell  is  also  built  with  the 

* Soil  pressure  gages  with  a vibrating  wire  strain  gage  are  not  de- 
scribed in  this  report;  such  strain  gages  are  still  commonly  used  in 
Europe  but  rarely  in  the  United  States.  It  is  believed  at  the  WES 
that  available  expoxies  provide  a satisfactorily  strong  and  durable 
bond  between  a measuring  diaphragm  and  a foil  type  resistivity  strain 
gage. 
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PARALLEL  STRAIN  GAGES 
IN  LINEAR  ROW 

DIAPHRAGM-^  \ 


THICKNESS  t*O.IO 
FOR  CAPACITY  100OP5I 


CELL  BODY  OF  STAINLESS  STEEL 


FROM  BATES, 1 969 


FIGURE  12.  PRINCIPLES  OF  SMRL  SOIL  STRESS  CELL 


rated  capacity  of  100  psi  for  use  in  soils.  More  general  and  rigorous 
mathematical  investigations  by  Askegaard  (1963)  show  that  lateral  pres- 
sures may  cause  either  an  increase  or  a decrease  in  the  radial  soil 
stresses  depending  upon  the  values  of  the  thickness-diameter  ratio  of 
the  cell  and  the  Poisson  ratio  of  the  soil.  Figure  32. 


Installat ion  of  Pressure  Cell s 


26.  Although  improper  installation  of  pressure  cells  may  cause 
large  errors  in  the  cell  registration,  only  a few  experimental  investi- 
gations of  the  problem  have  been  made.  Hadala  (1967)  recommends  that 
cells  be  placed  on  a planed  surface  of  sand  deposits,  whereas  cells  in 
clay  should  be  placed  in  a shallow  cylindrical  excavation.  A thin  layer 
of  fine  sand  is  often  used  to  improve  the  uniformity  of  contact  between 
cell  and  soil;  a thicker  layer  of  sand  is  used  when  the  soil  contains 
stones  or  rock,  but  the  sand  body  may  also  cause  pocket  action,  which 
should  be  taken  into  consideration.  As  shown  in  this  report,  subjecting 
the  cell  to  a seating  pressure  during  or  after  installation  improves 
contact  between  cell  and  soil,  stabilizes  soil  properties,  and  cell 
registration  and  errors,  but  it  may  also  cause  a secondary  type  of 
pocket  action.  Additional  systematic  experimental  investigations  are 
needed,  as  mentioned  in  a more  detailed  review  of  the  problem  in  Part  II 
of  this  report. 
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PART  II:  THEORIES  OF  SOIL-CELL  INTERACTION 


27.  This  part  of  the  report  is  divided  into  two  sections,  (a)  a 
fairly  detailed  presentation  of  the  principal  problems  encountered  and  a 
simplified  analysis  of  the  individual  problems,  and  (b)  a review  of  both 
simplified  and  more  rigorous  theories  for  soil-cell  interaction.  The 
results  yielded  by  the  more  rigorous  methods  can  often  be  obtained  by 
the  simplified  analysis  after  changing  the  numerical  values  of  one  or 
more  coefficients,  but  recent  investigations  indicate  that  some  of  the 
assumptions  forming  the  basis  for  a simplified  analysis  may  be  untenable 
for  several  stress  and  boundary  conditions.  Nevertheless,  the  simplified 
analysis  is  presented  first  in  this  report  because  it  illustrates  the  in- 
fluence of  special  conditions,  and  it  facilitates  visualization  of  the 
influence  of  independent  variables,  whereas  currently  available  solutions 
of  more  rigorous  theories  primarily  cover  basic  stress  and  boundary  con- 
ditions. Questionable  assumptions  in  the  ciuqalified  analysis  will  be 
emphasized  and  explained,  when  possible. 

Principal  Problems  and  Simplified  Analysis 
Development  and  assumptions 

20.  General  objectives  and  procedures.  The  general  purpose  of 
investigations  of  soil-cell  interaction  is  to  obtain  data  for  estimating 
over-  or  under-registration  of  a pressure  cell  and  for  evaluation  of 
stress  determinations  in  earth  structures  by  means  of  soil  pressure 
cells.  The  most  commonly  used  method  for  investigating  soil-cell  inter- 
action may  be  called  the  indentation  analogy,  which  consists  in  esti- 
mating the  difference  between  soil  and  cell  deformations  or  the  indenta- 
tion and  then  computing  the  corresponding  over-  or  under-registrations 
of  the  cell  which  produces  the  same  indentation.  Carlson  (1939)  and 
other  investigators  proposed  the  fundamentals  of  such  a procedure,  which 
will  be  discussed  further  in  paragraphs  68-9^.  Simplified  theories 
based  on  the  indentation  analogy  have  been  proposed,  independently  of 
each  other,  by  Hast  (19^5),  Coutinho  (19^9)  and  Taylor  {l9k5,kj) . The 
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Taylor  theory  in  a slightly  modified  form  is  presented  in  the  following 
paragraphs,  and  it  has  been  extended  to  cover  both  uniaxial  and  triaxial 
stresses  changes.  The  stresses  considered  are  those  between  the  soil 
grains  or  effective  stresses;  changes  in  pore  water  pressures  are  treated 
separately.  Initially  it  is  assumed  that  the  cell  is  placed  in  a free 
stress  field,  and  cells  placed  on  or  in  rigid  boundaries  of  a soil  body 
are  discussed  in  later  paragraphs. 

29.  Usual  assumptions.  The  following  assumptions  are  made  in 
most  but  not  all  proposed  theories  for  soil-cell  interaction: 

<1.  The  pressure  cell  acts  as  a thin  disk  or  cylindrical  in- 
clusion with  uniform  axial  compressibility  but  rigid  in 
radial  directions. 

b.  The  influence  of  the  radial  rigidity  of  the  cell  on  the 
surrounding  soil  has  only  a negligible  influence  on  axial 
soil  stresses. 

The  influence  of  shear  stresses  on  the  faces  of  the  cell 
and  of  all  stresses  on  the  cylindrical  surface  of  the 
cell  are  negligible. 

d,  A change  in  lateral  soil  stresses  causes  axial  soil  defor- 
mations corresponding  to  the  Poisson  ratio,  but  it  does 
not  directly  influence  axial  soil  stresses  on  the  cell. 

e.  The  simplified  analysis  or  indentation  analogy  considers 
only  soil  deformations  in  a layer  with  a thickness  equal 
to  that  of  the  cell,  and  the  force  corresponding  to  the 
indentation  is  computed  by  means  of  the  Boua sines q-Prandtl 
equations  for  the  oinkage  of  a rigid  platte  at  the  free 
soil  surface. 

Assumption  "a"  is  acceptable  for  pressure  cello  with  fully  active  face 
plates,  such  as  the  Carlson  and  WES  cells,  but  it  is  not  correct  for 
cells  with  an  inactive  rim  and  an  exposed  measuring  diaphragm.  It  is 
best  to  use  the  finite  element  method  of  analysis  for  the  latter  type  of 
pressure  cell.  Assumption  "b"  appears  to  be  acceptable  except  in  anal- 
ysis of  cells  placed  under  confining  conditions.  Limited  tests  indicate 
that  assumption  "c"  is  acceptable,  but  additional  investigations  are 
desirable.  Early  investigations  indicated  that  assumption  "d"  could  be 
made  acceptable  by  introduction  of  a minor  correction  factor,  but  more 
recent  investigations  by  Askega&rd  and  Bates  show  that  lateral  stresses 
may  cause  appreciable  changes  in  the  axial  soil  stresses  on  a cell. 
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Assumption  "e"  provides  appreciable  simplifications  in  equations  for  the 
soil-cell  interaction,  but  these  equations  may  in  some  cases  yield  too 
small  values  of  the  error  in  cell  registrations,  because  the  assumptions 
cause  neglect  of  significant  secondary  soil  stresses  and  deformations, 
and  also  because  relations  between  stresses  and  deformations  in  the 
interior  of  a soil  mass  are  represented  by  the  Mindlin  equations,  whereas 
the  Boussinesq  equations  apply  to  the  effect  of  loads  on  the  free  sur- 
face of  the  soil.  The  errors  caused  by  the  above  mentioned  assumptions 
depend  to  a large  extent  on  values  of  the  Poisson  ratio  for  the  soil  and 
on  the  thickness-diameter  ratio  of  the  pressure  cell. 

30.  Definitions.  The  simplified  analysis  is  actually  developed 
for  .relatively  small  stress  changes,  which  are  designated  by  o rather 
than  by  Ao  because  the  latter  is  used  for  incremental  stress  changes 
or  parts  of  a total  stress  change.  The  influence  of  a change  in  pore 
water  pressure,  u , is  discussed  in  a separate  paragraph,  and  the  effec- 
tive soil  stress  changes  are  then  designated  by  o'  = o - u . It  will 

be  shown  that  the  influence  of  u can  be  taken  into  account  by  a change 

in  the  effective  modulus  of  cell  deformation,  M . Therefore,  in  all 

c 

other  cases  it  is  assumed  that  there  is  no  change  in  pore  water  pressure 
or  o=o',  and  the  prime  mark  indicating  effective  stresses  iB  omitted 
in  the  equations  for  the  sake  of  convenience  in  writing  and  reading. 
Pressure  cells  in  a free  field 

31.  Uniaxial  stress  changes.  The  I'irst  or  basic  theories  for 
soil-cell  interaction  were  developed  for  the  simple  condition  that  the 
only  stress  change  is  in  an  axial  direction  perpendicular  to  the  faces 
of  the  cell.  Such  simple  stress  changes  can  be  obtained  with  cells  em- 
bedded in  a large  triaxial  test  specimen,  but  the  corresponding  theories 
could  theoretically  also  be  applied  to  tests  and  field  conditions  in 
which  the  ratio  between  axial  and  radial  stresses  is  constant  for  the 
stress  interval  under  consideration  provided  the  soil  deformation  modu- 
lus is  determined  for  similar  stress  changes,  usually  by  a confined  com- 
pression test.  The  basic  simplified  theory  for  action  of  soil  pressure 
cells  presented  in  the  following  paragraphs  is  essentially  that  proposed 
by  D.  W.  Taylor  in  19^5. 
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32.  Figure  13  shows  a pressure  cell  embedded  at  the  depth  H 
below  the  soil  surface  or  the  top  of  a triaxial  test  specimen  at  which 
depth  there  is  no  significant  influence  of  these  boundaries.  With  no 
change  in  the  pore  pressure,  u , the  total  and  effective  changes  in  the 
vertical  soil  stress  are  equal  and  designated  by  o , and  the  corre- 
sponding  3tress  change  indicated  by  the  cell  is  oc  . The  overstresB 
or  understress  of  the  cell  is  then 

o=o  - o (1) 

e c s 

and  the  deformation  of  a cell  with  thickness  2B  is 

o 

26  = 2B  --  (2) 

C M 

c 

where  M is  the  deformation  modulus  of  the  cell  in  axial  direction, 
c 

When  the  deformation  modulus  of  the  soil  in  the  same  direction  is  » 
the  deformation  of  a 3011  layer  with  thickness  2B  and  radially  beyond 
the  disturbance  caused  by  the  cell  is 

o 

26  = 2B  (3) 

s M 

s 

The  difference  between  these  deformations 
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e s 


is  the  indentation  or  retraction  of  the  cell  surfaces  with  respect  to 
the  original  planea  of  contact  between  cell  and  soil.  Assuming  symmetry 
of  deformations  of  cell  and  soil,  each  side  of  the  cell  indents  or 
retracts  from  the  soil  for  the  distance  6^  , or 


6=6-6 

esc 


(4) 


Introducing  the  expressions  for  6 and  6 in  Equations  2 and  3 

s c 

yield 
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FIGURE  13.  SIMPLIFIED  STRESS  RELATIONS  FOR  CElL  IN  A 
FREE  FIELD. 
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Taylor  (19^5)  and  others  now  asBume  that  6 1b  similar  to  the  indenta 

O 

tion  of  a circular  plate  or  punch  into  an  elaetic  oolid  under  the  load 

o « o - o and  that  this  aleo  will  apply  to  a saturated  clay  and  to 
e c b 

confined  sand  provided  the  streso  change,  o , doea  not  approach  the 

D 

confining  stress  in  the  coheuionleso  soil  or  causes  sirens  changes  aj— 
proaching  those  of  failure-  The  indentation  6 may  then  he  expressed 
hy 


6 

c 


(C) 


where  h is  the  diameter  of  the  plate  or  cell  and  N lu  an  indenta* 

G 

tion  coefficient  which  is  ft  function  of  tho  deformation  characterioticD 
of  the  uoil.  Values  of  N are  discussed  in  subsequent  par&^ruphi* , 
Combining  Equations  1,  9,  on d 6 yields 


and 


The  registration  ratio  is  then 
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where  K ■ N /M  may  be  called  tho  soil  Indentation  ratio.  Equation  7 

0 S 0 

is  basically  that  proposed  by  Taylor  (19**9) » and  equations  derived 
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independently  by  Hast  (19^5)  and  Coutinho  (19^9)  can  be  reduced  to  the 

same  form.  As  indicated  by  Equation  7,  the  registration  ratio  increases 

with  increasing  stiffness  of  the  cell,  , and  approaches  a limiting 

maximum  value  obtained  for  M /M  = 0 , or 
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(8) 


that  is,  the  limiting  value  of  the  registration  ratio  increases  linearly 

with  increasing  thickness-diameter  ratio. 

33.  Values  of  the  indentation  parameters.  Theoretical  values  of 

N and  K may  be  expressed  by  the  theories  of  Boussinesq,  assuming 
s s 

that  the  soil  acts  as  an  elastic  solid.  For  an  infinitely  rigid  circu- 
lar plate  or  punch  at  the  soil  surface , the  theoretical  value  of  the 
indentation  6^  for  the  unit  load  a is  also  given  by  Timoshenko- 
Goodier  (1951;  p.  372) 
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where  v is  the  Poisson  ratio  of  th.  soil. 
Equation  6 may  then  be  expressed  by 


The  coefficient  N in 
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N 
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and  the  indentation  rabio 
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With  v = 1/3  , Equation  11  yields 


(10) 


(11) 


1.U3 


h6 


Reproduced  From 
Best  Available  Copy 


which  may  apply  to  a pressure  cell  with  heavy  face  plates.  For  pres- 
sure cells  with  face  plates  which  are  thin  enough  to  act  as  measuring 
diaphragms,  it  will  he  of  interest  to  compare  the  average  deflection  of 
flexible  face  plates  with  the  same  diameter  and  total  load  but  various 
types  of  stress  distribution.  The  following  general  relations  apply 
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The  values  of  the  coefficients  C and  K for  rigid  flexible  plates  at 

s 

the  free  surface  of  a soil  body  with  various  load  distributions  are 
summarized  in  Figure  lU.  The  data  are  based  on  equations  by  Boussinesq 
and  the  details  were  obtained  from  Hast  (19^5)  and  Timoshenko-Goodier 
(1951)-  As  shown  in  this  figure  and  first  noted  by  Hast  (19I5),  the 
distribution  of  the  reaction  stress  for  a given  total  load  has  relatively 
little  influence  on  the  average  deflection  of  the  plate.  However,  the 
values  of  these  parameters  decrease  to  unity  as  the  depth  of  burial  de- 
creases and  the  pressure  cell  approaches  the  free  soil  surface. 

Figure  29. 

3^.  The  Poisson  ratio,  v , for  soils  varies  greatly  with  the 
soil  type,  the  relative  density,  state  of  consolidation,  and  the  stress 
conditions  during  shear  tests  and  triaxial  tests.  Dense  cohesionless 
soils  and  strongly  overconsolidation  cohesive  soils  undergo  a volume 
increase  instead  of  a decrease  during  shear  and  triaxial  tests,  corres- 
ponding to  values  of  v greater  than  0.5.  As  mentioned,  most  of  the 
early  investigators  determined  the  modulus  of  deformations  of  soils, 

M , for  confined  conditions,  and  it  would  seem  appropriate  to  consider 
s 

the  corresponding  values  of  the  Poisson  ratio  in  the  simplified  analysis. 
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A.  EFFECT  OF  LOAD  DISTRIBUTION 


OUTSIDE  USUAL  THEORY 
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B.  effect  of  Poisson's  ratio 

THESE  VALUES  OF  ks  AND  EQUATIONS  IN  FIGURE  13  APPLY  ONLY  TO  A RIGID 
PLATE  AT  THE  FREE  SURFACE  OF  A SEMI- INFINITE  SOIL  DEPOSIT. 

FIGURE  14.  INFLUENCE  OF  SOME  FACTORS  ON  THE  INDENTATION  RATIO  ks . 
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For  confined  compression,  o = o = cr_  is  the  confining  pressure  and 

x y j 

a •'  is  the  axial  pressure.  The  relation  between  tne  coefficient  of 

Lt  A. 

earun  pressure  at  re3t,  , and  the  Poisson  ratio  is 


K 

o 


(15 -A) 


But  the  value  of  for  granular  materials  car  also  be  obtained  by  the 

.Jaky  equation 


K = 1 - sin  0 (15-B) 

G 

The  two  equations  yield  tne  following  relation  between  the  angle  of  in- 
ternal friction,  0 , and  the  Poisson  ratio 


1 - sin  0 = 7— — 
1 - v 


and  numerical  values  shown  in  the  tabular  form 


0 

20° 

25° 

30° 

sin  0 

0.342 

0.423 

0.500 

K 

o 

0.658 

0.577 

0.500 

V 

0.400 

0.365 

0.333 

35° 

40° 

45° 

50° 

0.574 

0.643 

0.707 

0.760 

0.426 

0.357 

0.293 

0.240 

0.295 

0.262 

0.226 

0.194 

Many  of  the  computations  and  figures  were  completed  15  years  agov  and 
the  value  v = 1/3  was  used  fox  convenience  but  only  for  illustrative 
purposes, 

35,  Taylor  (194  5 ) suggests  that  the  probable  value  of  N is 

s 

close  to  that  of  M , corresponding  to  K = 1.0  . Such  values  of 

s s 

N and  K are  also  used  by  Peattie  and  Sparrow  (195*0.  However, 

3 G 

these  investigators  t-"eat  tests  in  a solia-walled  cylindrical  test  bin 

a8  a case  of  uniaxial  compression  but  they  also  suggest  that  the  modulus 

of  deformation  of  the  soil,  M , be  determined  for  the  same  stress 

s 

conoitions  or  by  means  of  a confined  compression  test,  i.e.  a consolida- 
tion test.  In  such  a test  the  lateral  stresses  are 


1+9 


V 


U5~C) 


o 


2.  1 - V 


where  o = o is  the  axial  soil  stress  e.cti’  g on  the  faces  of  the  pres- 
2.  s 

3ure  cell.  The  axial  soil  deformation  is  then 


6 

s 


6 

z 


a - \){<j  > 

z x 


M 


a 


or  by  use  of  Equation  15-C 


o 

s 


and  for  v = 1/3 


(16) 


6 

s 


z 2_ 

MS  3 


1.5M 


(17) 


or  an  equivalent  value  of  M equal  to  1.5  times  that  which  would  be 
obtained  in  an  unconfined  or  uniaxial  compression  test.  This  corresponds 
to  a value  of  close  to  1.5  which  agrees  with  that  shown  in  Fig- 
ure l^t  for  cases  1 and  4.  Much  greater  values  of  Ne  and  were  ob- 

tained in  some  experiments  as  described  in  the  following  paragraph  and 
in  Part  III  of  this  report.  It  is  again  emphasized  that  the  theoretical 
equations  and  values  of  the  indentation  parameters,  mentioned  in  the 
foregoing  paragraphs,  represent  only  rough  approximations  of  the  actual 
stresses  and  deformations. 

36.  Theoretical  values  of  o /o  versus  M /M  , Equation  7,  are 

C S C S 

shown  in  Figure  15  for  various  values  of  K . The  lower  value, 

s 

K.  - 1.33  , corresponds  to  a uniform  .stress  distribution  on  the  cell  as 
s 

shewn  in  Case  2 of  Figure  l4.  The  higher  value  K - 3 , was  obtained 

3 

from  the  average  indications  of  WES  pressure  cells  embedued  in  triaxial 
test  specimens  of  fairly  dense  sand  subjected  to  uniaxial  cyclic  loading. 
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REGISTRATION  RATIO,  0“c/crs 


MODULAR  RATIO,  Mc/Ms 


FIGURE.  15.  REGISTRATION  RATIOS  OF  SOIL  PRESSURE  CELLS 
IN  A FREE  FIELD. 


ERROR  RATIO.  (J£  /(T5 


Still  higher  values  of  K were  found  when  the  stress  conditions  in  the 

8 

sand  approach  those  of  failure.  The  registration  ratio  a /a  approaches 

C 8 

the  limiting  values,  given  by  Equation  8,  with  increasing  modular  ratios, 
M /M  , whereas  o /a  decreases  to  zero  with  decreasing  modular  ratios, 

C 8 C & 

or  increasing  M /M  . The  shape  of  the  diagrams  in  Figure  15  agrees  in 
sc 

form  with  experimental  data  corresponding  to  confined  compression,  but 

K is  larger  for  dense  sand.  Unconfined  compression  or  uniaxial  loading 
8 

combined  with  a curved  stress  strain  diagram  produces  great  variations  in 

M and  K as  the  unit  load  increases, 
s s 

37.  Error  ratio.  Referring  to  Equation  1,  the  relative  error  or 
error  ratio,  °e/°s  in  "the  pressure  cell  indication  is  determined  by 


o 

e 


a 

B 


(18) 


A graphical  diagram  of  o /o  versus  M /M  can  be  obtained  from  Fig- 

e s c B 

ure  15  simply  by  changing  the  ordinate  scale  b.b  shown  on  the  right-hand 
side  of  this  figure.  An  analytical  expression  for  the  error  ratio  can 
be  derived  from  Equations  ^ and  l8  which  yield 


c 

c 

o 

8 


K 

"s 


B 

D 


1 + Kefif 

C 


/ 1 A \ 


\±7  J 


The  limiting  positive  values  of  o /o  is  obtained  for  (M  /M  ) « 0 

e s sc 


a 

e 

o 

D 


(] im)  = K 


b 
s D 


(20) 


which  Bhowo  that  the  limiting  values  are  proportional  to  B/0  . This 
proportionality  applies  also  to  finite  values  provided  M^/M^  and  B/D 
are  small,  as  shown  by  Peattie  and  Sparrow  (195*0. 

38.  Triaxial  stress  changes.  As  shown  in  the  foregoing 


9.° 


paragraphs,  some  problems  involving  triaxial  stress  changes  may  be  solved 
by  the  equations  for  uniaxial  stress  changes  perpendicular  to  the  pres- 
sure cell,  provided  the  soil  modulus  of  deformation  is  determined  for 
the  same  direction  and  triaxial  stress  changes,  however,  equations 
which  consider  arbitrary  stress  changes  in  the  three  principal  direc- 
tions, the  influence  of  the  Poisson  effect,  and  the  usual  modulus  of 
deformation  should  provide  solutions  of  much  wider  applications.  Assum- 
ing as  before  that  there  is  no  change  in  the  pore  water  pressure  and 

that  the  total  and  effective  stress  changes  are  a , a , and  a 

x y z * 

Equations  1,  2,  and  4 still  apply,  and  deformation  of  the  cell  is 
represented  by 

o 

26c  = 2B  ~ (2  bis) 

c 

but  the  deformation  of  a soil  layer  with  thickness  2B  is  now 

o - v(o  + o ) 

26  * 2E  — r— X-  (21) 

S 

S 

With  o «=  o - o , the  indentation  of  the  cell  into  the  soil  1b  de- 
e c r 

fined  as  before  by 


6 

e 


o 

s 


6 

c 


a 


P 


s 


which  combined  with  Equation  21  yields 


and  with  o « a - o 
e c a 


K = N /M  . and  o * o 
s 8 r.  s z 


(22) 
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The  limiting  value  cf  a /a  for  large  values  of  M or  M /M  ap- 

C 8 CSC 

proaching  zero  are  similar  to  those  given  by  Equation  8 or 


j _ / o+o 

— (lim)  = 1 + K Sfl  - v — £ 

J a D l o 


Equation  23  applies  to  measurement  of  vertical  stresses,  o , in  the 
usual  coordinate  system.  For  measurement  of  a lateral  stress,  for  ex- 
ample o , interchange  o and  o , and  with  o * o Equation  23 

X 2/  X 8 X 

becomes 


o+o 


--  + K 1 - v 
B s \ 


R + K -5- 

B s M 

c 


When  o is  greater  tiian  o and  o , Equation  25  will  usually  yield 
z x y 


Vttluurb  u / u VuxCxi  txx’c:  tuuttllcr  uluui  iAi;  bcc  i'iK'iu'c  J.O . r uidiici  - 

C X 

more,  the  friction  between  the  soil  and  the  end  surfaces  of  the  cell  my 
be  greater  than  between  soil  and  cylindrical  surface  for  a horizontal 
cell,  corresponding  to  Equation  23  and  Fig\tre  IT. 

39*  Examples  of  applications.  In  case  of  earth  pressure  at  rest 
or  confined  virgin  consolidation,  the  theoretical  relation  between  the 
Poisson  ratio  and  the  principal  stress  ratio  is 


/*\  r»j  i t. 

, U y OCC  J’l^Ul'C  J.<J  . 
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FIGURE  16.  REGISTRATION  RATIOS  FOR  VERTICAL  STRESSES, 
EARTH  PRESSURES  AT  REST. 
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REGISTRATION  RATIO , 


SOIL  INDENTATION  COEFF. 
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MODULAR  RATIO  Mc/Ms 


FIGURE  17:  REGISTRATION  RATIOS  FOR  HORIZONTAL  STRESSES 
EARTH  PRESSURE  AT  REST 


ERROR  RATIO,  Te/T«, 


or  for  v * 1/3  , o = o - 0.5o  . Equations  23  and  25  then  become 

x y z 


iiii 

I - Ks  r 


(27) 


and  for  Equation  25 


D 

B 


B a M 

c 


(28) 


A graphical  representation  of  Equation  27  is  shovn  in  Figure  17  for  var- 


ious values  of  K 


It  is  noted  that  o /o  =1.0  for  M /M  =1.0 

c z C 8 


and  for  any  value  of  K and  M /M  = 1 = 5 * This  is  in  n err eejrierrt  with 

S C S ' ”w 

a previous  statement  that  the  apparent  modulus  of  axial  deformation  for 

confined  compression  is  1.5  times  that  for  unconfined  compression  when 

v = 1/3  . Diagrams  for  °c/ax  in  Equation  28  are  shown  in  Figure  l6. 

In  this  case  the  cell  stresses s o , are  smaller  than  o and  o but 

c x y 

they  approach  each  other  for  large  values  of  the  modular  ratio  M /M  . 

c s 


For  the  rare  case  of  uniform  pressure  change,  o^  = 
Equations  23  and  25  become 


o=o 


o^ 

G 


i *Ks 


(i  - 2v) 


c 


(29) 


and  with  v = 1/3 


§ + ~ K 
B 3 s 

n M 

£ + K r~- 
B s M 

c 


(30) 


4l.  Comparisons . The  foregoing  examples  of  the  action  of 
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pressure  cells  in  case  of  triaxial  stress  changes  in  the  soil  show  that 
the  simplified  theory  yields  registration  ratios,  ac/°s  > for  vertical 
or  normal  stresses  which  decrease  with  increasing  values  of  the  Poisson 
ratio  and  the  lateral  stress  changes.  In  contrast  thereto,  the  more 
rigorous  investigations  by  Askegaard  (19&3)  indicate  that  the  influence 
of  the  Poisson  ratio  is  smallest  for  v = 0.3  and  increases  for  lower 
and  higher  values  of  v , Figure  32A.  The  simplified  theory  usually 
yields  underregistration  of  cells  placed  to  measure  minor  horizontal 
stresses,  Figure  IT*  Triaxial  tests  at  the  WES  show  only  small  under- 
or  over-registrations  in  the  measurement  of  radial  and  tangential 
stresses.  Additional  data  or  investigations  are  needed,  and  the  in- 
fluence of  lateral  stresses  on  the  registration  of  stresses  normal  to 
the  cell  should  not  be  confined  to  the  Poisson  effect  of  lateral  defor- 
mations, as  assumed  in  the  simplified  theory. 

Installation  problems 

U2.  Sea Ling  load.  Great  errors  in  pressure  cell  indications  may 
be  caused  by  improper  installation  of  a cell.  Recent  and  very  interest- 
ing research  on  the  installation  of  small  pressure  cells  of  the  type 
snown  in  Figure  9 has  been  performed  and  reported  by  Hadal  (1967). 
Additional  research  and  a manual  on  installation  of  soil  pressure  cells 
in  general  are  needed.  It  is  practically  impossible  to  install  a pres- 
sure cell  in  virgin  soil  without  disturbing  the  soil  and  the  stress 
conditions,  first  by  excavating  a hole,  secondly  by  placing  the  cell  and 
backfilling  the  hole  without  attaining  the  original  soil  properties  and 
stress  conditions.  The  difficulties  are  reduced  but  not  eliminated  when 
the  pressure  ceil  is  installed  during  construction  in  a fill  or  at  the 
the  contact  between  backfill  and  another  structure  or  virgin  soil. 

Coarse  or  stony  soils  cause  additional  problems  which  will  be  mentioned 
later,  but  even  in  sand  and  finer  graded  soil  it  may  be  difficult  to  ob- 
tain good  contact  between  cell  and  soil  and  00  avoid  differences  in  phys- 
ical properties  of  the  soil  close  to  the  cell  and  those  of  the  main  body 
of  soil.  Overcompaction  causes  an  increase  in  cell  registration,  called 
pocket  action  or  cover  action  by  Taylor  (19^5),  whereas  undercompacticn 
or  too  compressible  soil  has  the  opposite  effect.  Observations  during 
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the  1951t-55  test  series  indicate  that  irregularities  in  soil  deformations 


and  cell  indications  in  the  first  loading  cycle  are  decreased  in  subse- 
quent loading  cycles.  It  appears  that  a certain  seating  pressure  on 
cell  and  soil  cover  is  needed  to  obtain  satisfactory  contact  and  stress 
conditions  between  cell  and  soil.  Residual  strain  and  stresses  are 
created  by  such  a seating  load  and  should  be  taken  into  consideration  by 
a new  zero  setting  of  the  cell.  It  is  possible  that  the  residual  strain 
and  stresses  may  be  Increased  too  much  by  repetitive  loading  in  tests  on 
soil  in  a solid  vailed  container,  because  of  the  influence  of  sidewall 
friction.  Experimental  data  on  the  optimum  magnitude  of  such  a seating 
load  are  not  yet  available.  At  this  time  it  can  only  be  suggested  that 
a moderate  seating  load  be  applied  during  installation  of  the  cell,  and 
that  a larger  seating  load,  about  equal  to  the  anticipated  maximum  load, 
be  applied  when  the  cell  is  covered  by  enough  soil  to  protect  it  from 
damage  by  passage  of  construction  equipment.  Proper  placement  and  pre- 
loading  of  cells  placed  on  edge  for  measuring  lateral  or  inclined 
stresses  is  particularly  difficult.  Additional  systematic  investigations 
of  these  problems  are  needed.  Comments  in  the  following  paragraphs  may 
be  of  assistance  in  the  planning  of  such  tests. 

1*3.  Soil  pocket  formation.  A body  of  soil  around  a pressure  cell, 
of  limited  extent  and  with  properties  different  from  those  of  the  main 
soil  mass,  may  be  considered  as  an  inclusion,  and  the  average  stresses 
in  such  a soil  pocket  may  be  computed  by  methods  similar  to  those  for 


pressure  cells  in  a uniform  soil  mass.  As  a first  approximation,  it  may 
be  assumed  that  the  soil  pocket  forms  a cylindrical  disk  with  the  diam- 
eter D and  the  thickness  2B  as  shown  in  Figure  l8A.  With  the 
P P 

average  modulus  of  deformation  , the  average  load  on  the  soil  pocket 
may  be  computed  by  inserting  D , B , and  M in  Equation  23  instead 

p p p 

of  D , B , and  M , which  yields 


o 

JE.  = 

o 

r; 


D M 

-2.  + K -S- 
B s M 
P P 


(31) 
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A.  SOIL  POCKET  AROUND  PRESSURE  CELL 


B.  COMPRESSIBLE  COVER 
OP  PRESSURE  CELL 


C.  C.OM PRES SU3LE  COVER 
FOR  BURIED  PIPE 


FIGURE  18.  IM3TALLATION  PROBLEMS 
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The  ratio  o /o  increases  with  increasing  stiffness  of  the  soil  in  the 
P ® 

pocket  or  with  decreasing  values  of  M /M  , but  there  is  a limiting 

s p 

value  or  °p/°s  corresponding  to  Mg/Mp  = 0 , or 

o B / o + o \ 

-*■  (Um)  * 1 + f Ka(l  - v X (32) 

s P \ z / 

which  is  equivalent  to  Equation  2k.  It  should  be  noted  that  M , N , 

8 8 

and  K = N /M  refer  to  the  main  soil  mass  which  has  not  been  changed 

S 8 S 

by  the  pocket  formation.  As  shown  in  Figure  lH,  II  and  K are 

s s 

fairly  independent  of  the  pressure  distribution.  If  the  pocket  actually 
has  the  shape  of  a cylindrical  disk,  there  should  be  a stress  concentra- 
tion at  the  edges  and  the  stress  in  the  center  would  then  be  smaller 

than  the  average  stress,  a , which  would  decrease  the  influence  of  a 

P 

soil  pocket  on  the  load  acting  on  the  pressure  cell.  The  soil  pocket 
may  be  D.enticular  in  shape  which  would  decrease  stress  variations.  How- 
ever, the  load  on  the  cell  would  be  increased  when  the  modulus  of  the 
cell  is  greater  than  that  of  the  soil  in  the  pocket,  or  Mc  > > Mq  , 

provided  the  distance  from  the  cell  to  the  surface  of  the  soil  pocket  is 
great  enough  to  eliminate  boundary  effects,  see  Figure  29-  The  load  on 

the  pressure  call  can  now  be  determined  by  substituting  a for  a in 

P ® 

the  equations  for  interaction  of  cell  and  soil.  As  indicated  by  Equa- 
tions 31  and  32,  the  over stress  in  a pocket  of  dense  soil  can  be  de- 
creased to  tolerable  amounts  by  decreasing  the  thickness-diameter  ratio 
of  the  soil  pocket.  On  the  other  hand,  a large  over stress  may  occur  and 
misleading  data  may  he  obtained  when  the  thickness-diameter  ratio  of  the 
soil  pocket  is  large.  A pocket  of  loose  soil,  , causes  under- 

stress and  its  relative  influence  on  the  cell  registration  is  not  as 
easily  controlled  as  is  that  caused  by  overstress  in  a pocket  of  dense 
soil. 

U U . Compressible  soil  cover.  A soil  pressure  cell  may  be  placed 
in  a carefully  excavated  hole  in  the  undisturbed  soil  or  in  compacted 
fill.  Figure  18b,  but  the  backfill  or  soil  covering  the  cell  is  often 
more  compreseible  than  the  surrounding  soil.  Taylor  (l9*+5)  terms  this 
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condition  a soil  cover  in  contrast  to  a soil  pocket.  The  action  cf  such 
a soil  cover  is  similar  to  that  of  a compressible  backfill  of  limited 
thickness  often  used  to  reduce  the  effective  load  on  a buried  pipe.  Fig- 
ure 1 8C.  The  compressible  cover  may  cause  the  overlying  denser  soil  to 
arch  over  the  buried  cell  or  pipe.  When  complete  arching  does  not  occur, 

the  effect  of  a compressible  cover  with  thickness  2B  and  modulus  M 

v w 

may  be  estimated  by  use  of  Equations  23  or  31,  but  the  full  thickness, 

2B  , should  be  used  instead  of  half  the  thickness,  B , because  the 
soil  cover  is  bounded  by  the  more  rigid  cell,  similar  to  a pressure  cell 
in  contact  with  a rigid  slab  or  wall.  The  equation  for  the  approximate 
reduced  pressure,  , to  be  used  instead  of  the  average  soil  pressure 
os  , may  then  be  written 


a 

w 

a 

s 


M 

K rp 
s M 
w 


(33) 


In  case  the  thickness  of  the  compressible  cover  is  small,  it  may  be 
expedient  to  investigate  the  combined  effect  of  cover  and  pressure  cell 
by  use  of  Equation  23  for  the  combined  thickness  2(B  + B^)  and  using 
an  equivalent  modulus,  Mg  , determined  by 


rr-  (B  + B ) * A“  B + ~ B 
M w M M w 

e c v 


(310 


This  equation  can  also  be  used  when  is  greater  than  and  a rela- 

tion similar  to  Equation  33  can  also  be  derived  for  this  condition.  All 
the  equations  are  subject  to  the  limitations  of  the  simplified  cell-soil 
theory  and  can  only  yield  roughly  approximate  results.  However,  the 
disturbing  effect  of  a compressible  soil  cover  of  a cell  in  a hole  may 
be  much  greater  and  more  difficult  to  estimate  than  that  of  a soil 
pocket.  Installation  of  pressure  cells  in  soil  pockets  of  adequate  size 
is  preferable  to  installation  in  close  fitting  holes. 
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1*5.  hoarse  and  .stony  soils.  Barring  special  precautions,  in- 
stallation of  a pressure  cell  in  stony  soil  may  cause  stress  concentra- 
tions and  some  changes  in  the  registration  of  Carlson,  WES,  Glotzl,  and 
similar  cells  but  mu< h greater  changes  in  registration  and  possible  dam- 
age may  occur  in  the  case  of  cells  with  exposed  measuring  diaphragm.  The 
size  of  pressure  cells  to  be  used  in  direct  contact  with  stony  soils  is 
generally  increased,  but  opinions  concerning  the  required  minimum  size 
vary  greatly,  and  a systematic  experimental  investigation  of  this  prob- 
lem has  not  yet  been  made.  It  has  been  suggested  that  the  diameter  of 
a pressure  cell  should  be  about  5 to  6 times  the  diameter  of  the  largest 
soil  particles  and  that  the  diameter  should  not  be  less  than  6 to  12  in. 
for  cells  used  in  sand,  whereas  smaller  ceils  may  be  used  in  finer 
grained  soils.  It  would  seem  that  consideration  also  should  be  given  to 
the  type  of  cell  used;  i.e.  cells  with  a fully  active  face  and  an 
interior  load  equalizing  liquid  versus  cells  with  an  inactive  rim  arid  an 
exposed  diaphragm.  Referring  to  cells  in  sand  without  stones,  it  may 
be  claimed  that  a cell  size  which  has  yielded  satisfactory  results  in 
model  and  laboratory  tests  also  should  be  adequate  for  field  use  in  the 
same  type  of  soil.  Small  pressure  cells  may  possibly  be  used  in  stony 
soils  provided  they  are  placed  in  adequately  proportioned  pockets  of 
finer  grained  soils,  and  that  the  relation  of  the  moduli  of  the  soils  in 
tne  pocket  and  the  main  deposit  be  determined.  In  seme  cases  it  may 
even  be  sufficient  to  remove  stones  from  the  vicinity  of  the  pressure 
f cell  or  to  pass  the  field  soil  through  a sieve  and  use  the  material 

passing  t,he  sieve  in  a soil  pocket  for  the  pressure  cell,  but  the  change 
in  the  modulus  of  deformation  of  tne  scalped  soil  should  also  be 
investigated. 

Influence  of  changes  in 
pressure  of  the  pore  fluids 

1*6.  Function  of  pore  fluid.  In  deriving  the  foregoing  equations 
is  was  tacitly  assumed  that  the  soil  is  dry  or  that  there  is  no  change 
in  the  pressure  of  water  and/or  air  in  the  soil  pores,  that  is,  the  mea- 
sured stresses  indicate  a change  in  effective  soil  stresses  which  is 
equal  to  the  change  in  total  stresses.  A chrrige  in  the  pore  fluid  alone. 
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without  any  change  in  the  effective  soil  stresses,  may  be  illustrated  by 
a change  of  back  pressure  in  triaxial  soil  tests.  Such  p.  change  will 
not  affect  deformations  of  the  soil  but  it  will  influence  the  deflections 
and  indications  of  the  pressure  ceil  which  represent  changes  in  total 
stresses.  Usually,  changes  in  pore  water  pressures  and  effective 
stresses  are  interrelated,  but  the  form  of  this  relationship  is  often  a 
controversial  matter  and  ip  outside  the  scope  of  this  report.  Changes 
in  pore  water  or  air  pressure  can  be  measured  quite  easily  and  accurately 
by  means  of  a piezometer  or  fluid  pressure  gage.  The  changes  in  effec- 
tive stresses  are  determined  by  subtracting  the  fluid  pressure  changes, 
measured  by  a piezometer,  from  the  change  in  total  stresses  measured  by 
a soil  pressure  cell. 

47.  Basic  relations.  Assume  that  the  effective  change  in  soil 


stresses  o 


a * 

y 


are  concurrent  with  a change  u in  the  pore 


pressure.  The  probl<  a is  now  to  determine  the  effect  of  the  additional 
deformations  of  the  soil  pressure  ceil  caused  by  the  change  in  pore  pres- 
sure. Considering  stresses  and  deformation  in  the  z direction,  or 

o’  ~ a , the  deformation  of  the  soil  is  that  given  by  Equation  21 
a z 


26  = 2B 

s 


- v(o  + a ) 

JL  ~ -X- 

M 


(21) 


and  the  deformation  of  the  pressure  cell  is 


26  = 2b 

c 


0 + u 

c 

M 


(35) 


In  the  case  of  the  WEC  soil  pressure  cell,  the  deflection  oi  the  cell 
caused  by  hydrostatic  liquid  or  air  pressure  is  only  80  percent  to  90 
percent  of  that  for  direct  static  loading  because  liquid  or  air  enter- 
ing the  ciicumferential  slot  counteracts  port  of  the  loading  on  the  face 
plate,  or  the  modulus  of  deformation  is  considering  only  hydro- 

static loading  of  the  face  plate  and  Equation  35  would  then  be  changed  to 
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26 
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* 2B 
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however,  the  same  result  is  obtained  by  using  Equation  35  in  combination 
with  the  effective  cel?,  diameter  for  liquid  or  air  loading  or  the  actual 
outside  diameter  and  a reduced  value  of  u obtained  by  multiplying  the 
actual  u with  the  ratio  of  the  calibration  factors  for  hydrostatic  and 
direct  static  loading.  The  latter  method  appears  to  be  the  simpler  one, 
and  Equation  35  is  used  in  the  following  derivations.  As  before,  the 
indentation  of  the  pressure  cell  into  the  soil  is  6 =6  - 6 , or 

using  Equations  21  and  35 


but  is  also  determined  by  Equations  1 and  6,  or 


o 


s 


(36) 


(6  Ub) 


and 


o = (a  + u)  - (o  + u)  e o - a 
e c s C s 

which  is  independent  of  the  pore  water  pressure,  and  Equation  6 can  then 
be  written 


which  with  Equation  36  yields 


and  with  K = N /M 
s s s 


(37) 
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This  equation  is  identical  to  Equation  25  except  for  the  last  term  in 
the  enumerator;  that  is,  a change  in  pore  pressure  changes  the  value  of 

°c/os  by 


M 


a 

A-*- 

o 
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s u 


s M o 
c s 

r,  M 

B Ks  M 
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(39) 


Positive  values  of  the  pore  pressure  change,  u , cause  a decrease  in 
overregistration  and  an  increase  ir.  underregistration  whereas  a nega- 
tive change  in  pore  pressure  has  the  opposite  effect.  Potential  errors 
are  smaller  for  a negative  than  for  a positive  change  in  pore  pressure. 

18.  Equivalent  cell  modulus.  The  influence  of  a change  in  pore 
water  pressure  on  the  registration  ratio  for  effective  stresses  can  also 
be  taken  into  consideration  and,  perhaps,  better  visualised  by  intro- 
ducing an  equivalent  cell  modulus,  J-P  , which  yields  the  same  deforma- 
tion as  Equation  35  for  the  unit  load  ; that  is. 


■ 

e V 

A 


2B 


M 


or 


= 2B 


Mf 

c 


M'  = M ~ 

C C 0 + u 


(1*0) 


The  WES  soil  pressure  cell  has  the  cell  modulus  M for  direct  load- 

c 

ing  on  the  face  piate  and  the  modulus  for  hydrostatic  leading,  and 

the  equations  are  then  changed  to 
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and 


(Ul) 


Estimates  of  M^/M^  are  usually  based  on  the  ratio  of  the  calibration 

factors  F /F  . Values  of  o and  u are  or  can  be  measured  in  the 
c u c 

field  and  - u , but  these  values  must  be  estimated  in  design  of 

pressure  cells  and  discussion  of  the  reliability  of  intended  measure- 
ments. When  M'  is  introduced  in  Equation  35  and  subsequent  equations, 
these  equations  become  identical  to  those  obtained  for  the  action  of 
soil  pressure  cells  for  stress  changes  without  a change  in  pore  pressure; 
that  is,  these  equations  and  corresponding  diagrams  can  be  used  witho\at 
further  consideration  of  changes  in  pore  pressures  when  Mg/Mc  is  re- 
placed with  • This  applies  also  to  the  action  of  pressure  cells 

placed  at  the  boundaries  or  interfaces  of  soil  masses.  For  a positive 
change  or  increase  in  pore  pressure,  u , is  smaller  than  , 

which  again  emphasizes  the  importance  of  making  cell  modulus  as  large 
as  possible  and  reducing  the  cell  deformations  to  the  minimum  compatible 
with  the  required  resolution  of  the  pressure  cell. 


Pressure  cell  action 
Influenced  by  boundaries 

1+9 . Cells  close  to  the  free  soil  surface.  The  simplified  theory 
for  soiJ -pressure  cell  interaction  cannot  be  used  when  the  cell  is 
close  to  the  free  soil  surface.  Taylor  (19^5)  states  that  the  proposed 
simplified  theoiy  is  based  on  the  assumption  that  the  embedment  of  a 
cell  is  large  enough  to  permit  development  of  a normal  pressure  bulb 
above  the  cell  and  cites  the  following  examples.  A pressure  bulb  in- 
dicating stresses  equal  to  ten  percent  of  the  unit  load  has  a height 
equal  to  1.75  times  the  diameter  of  the  cell.  Figure  19,  whereas  a pres- 
sure bulb  corresponding  to  two  percent  of  the  applied  surface  pressure 
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FIGURE  19.  STRESS  BULBS  BELOW 
CIRCULAR  LOAD. 


has  a height  of  about  four  cell  diameters.  Estimates  of  the  variation 
of  press. c-.  cell  registration  as  a function  of  the  depth  below  the  free 
soil  surface  are  discussed  in  the  section  on  trap  door  analogies. 

50.  Teraaghi  (1943,  pp.  66-76)  presents  a theory  for  the  approxi- 
mate pressure  of  sand  on  a long  or  strip-type  trap  door.  Figure  20.  He 
states  that  effective  arching  in  sand  ceases  to  exist  at  a distance 
above  the  door  equal  to  two  to  three  times  the  width  of  a long  door, 
depending  on  the  properties  of  the  soil  and  the  movements  of  the  door. 
McNulty  (1965)  performed  extensive  and  carefully  executed  experiments 
with  circular  trap  doors.  He  concluded  that  a cover  with  a thickness 
slightly  less  than  the  diameter  of  the  door  may  be  sufficient  for  devel- 
opment of  active  arching,  and  that  a cover  with  a thickness  of  one  to 
two  times  the  diameter  of  the  door  is  adequate  in  most  practical  cases 
for  development  of  passive  arching. 

51.  Mason  and  Associates  of  the  United  Research  Services  (1963* 
1965,  1971)  investigated  arching  around  trap  doors  and  inclusions  by 
experiments,  theory,  and  reviews.  These  investigations  are  discussed 

in  the  section  on  trap  door  analogies,  and  the  results  agree  fairly  well 
with  the  observations  of  Terzaghi  and  McNulty  as  shown  in  Figures  3QA 
and  30B.  The  ratio  of  cell  stress  to  surface  load  or  field  stress  is 
1.0  at  the  surface,  and  it  increases  or  decreases  exponentially  with 
increasing  depth  ratio,  z/R  , until  the  ultimate  overregistration  or 
underregistration  of  the  cel],  is  attained.  The  depth  at  which  the  in- 
fluence of  the  free  soil  boundary  becomes  unimportant  varies  with  the 
cell  diameter,  the  cell  and  soil  properties,  the  stress  level,  and  the 
differential  deformations  of  soil  and  pressure  cell. 

52.  Pressure  cells  at  rigid  boundaries.  This  section  deals  with 
pressure  cells  flush  inserted,  straddling,  or  Just  in  contact  with  a 
foundation  slab  or  a backfilled  retaining  wall  which  can  be  consid- 
ered rigid  in  comparison  with  the  soil.  The  simplified  theory  c moot 
yet  be  extended  to  cells  which  are  close  to  but  not  in  contact  with  such 
a boundary . To  simplify  derivation  and  comparison  of  basic  equations, 
it  is  assumed  that  only  the  effective  stresses  but  not  the  pore  pres- 
sures are  undergoing  a change.  A change  in  the  pore  water  pressure  can 
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YIELDING  DOOR.  ACTIVE  PRESSURE 
AFTER  TERZ.AGHI  (l9A3) 

THE  EQUATIONS  SHOWN  APPLY  TO  A STRIP  TYPE  DOOR. 


FIGURE  20,  TRAP  DOOR  EXPERIMENTS  AFTER 
terzaghi. 


TO 


TOTAL  DEPTH r 


be  taken  into  consideration  by  using  a modified  modulus  of  the  pressure 
cell,  equivalent  to  the  pore  pressure  change  as  explained  in  para- 
graphs 5 6 and  57* 

53.  To  be  considered  is  a pressure  cell  with  diameter  D and  thick- 
ness 2B,  set  in  a horizontal  surface  of  a rigid  material  with  a protusion 

H into  the  soil.  Figure  21.  For  the  stress  changes  a , o , o 
s x y z 

of  the  soil,  the  vertical  deformation  6 of  a soil  layer  with  thick- 

*2* 

ness  H is 
s 


6 * 6 
z s 


r iHs 

= a - v( a + a ) I — ' and  a ~ o 
L a x y J M s s 


and  the  deformation  of  the  pressure  cell,  for  its  total  thickness,  is 


6 = ~ 2B 

s M 

c 


The  indentation  or  penetration  of  the  cell  into  the  soil  caused  by  the 
stress  change  is 


<5=6-6 

esc 


r -i  H o 

- To  - v(o  +0  )|-£  - -£• 

I z x y J M M 

L.  "*  s C 
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6 = ~ — D where  o = o - o 
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Equations  UU  and  ^5  yield 
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— o _ -i  n v 
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Ns  [s  x yJ.Mg  Mc 


After  reduction  and  with  K = N /M  , the  equation  can  be  written  as 

s s s ’ 1 
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CELL-SOIL  MODULAR  RATIO,  M C/Ms 


FIGURE  £1.  REGISTRATION  RATIOS  FOR  CELLS  IN  RIGID  SLAB 
UNIAXIAL  STRESS  CHANGES. 


(46) 


Equation  46  applies  to  pressure  cells  embedded  in  a horizontal  slab  for 
measuring  vertical  stresses.  For  pressure  cells  in  a vertical  wall  and 
measurement  of  horizontal  stresses,  for  example  , Equation  46  changes 
to 


o 

c 

o 

s 


(1*7) 


54.  Some  examples  of  applications  of  Equations  46  and  1*7  are 

discussed  in  this  paragraph.  Consider  first  a pressure  cell  embedded  in 

a horizontal  slab.  Figure  21,  and  subjected  to  a uniaxial  stress  change 

or  o = a = 0 ; Equation  46  is  then  reduced  to 
x v 
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(48) 


For  earth  pressure  at  rest  and  v = 1/3  , or  ox 
Equation  46  becomes 


a / 2 
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2B  M s 
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(49) 


Graphical  illustrations  of  Equations  48  and  49  are  shown  in  Figures  21 
and  22  for  D = 6 in.,  2B  = 1 in.,  and  = 1.33.  Comparison  with 
the  corresponding  equations  and  Figures  15  and  16  for  pressure  cells  in 
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FIGURE  22.  REGISTRATION  RATIOS  FOR  CELLS  IN  R\GlD  SLAB' 
EARTH  PRESSURE  AT  REST. 
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a free  field  shows  that  a pressure  cell  in  contact  with  hut  not  embedded 

in  a rigid  horizontal,  slab,  H = 2B  , acts  as  a cell  in  a free  field 

s 

with  the  double  thickness,  2B  = half  thickness,  and  that  the  limiting 

potential  error  ratio  is  twice  as  great  as  for  a cell  in  a free  field. 

On  the  other  hand,  a pressure  cell  flush  embedded,  B = 0 , in  a rigid 

• s 

structure  always  underregisters,  and  only  for  the  ultimate  condition 
(Ms/Mc  - 0),  is  the  registration  ratio  (c*  /cs)  = 1*0  • For  interme- 
diate conditions  it  is  possible  to  determine  a value  of  the  protrusion, 

H , which  yields  100  percent  registration  or  (o  /o  ) = 1.0  for  given 
s c s " 

values  of  the  deformation  moduli  M and  M , but  these  conclusions  do 

c s 

not  apply  to  pressure  cells  in  contact  with  or  embedded  in  a rigid  verti- 
cal wall.  For  such  cells  and  stress  change  conditions  for  earth  pres- 
sure at  rest  or  v = 1/3  and  a = a = a /2  , Equation  4?  applies  but 

x y z 

is  reduced  to 
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o 
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D_ 

23 
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(50) 


The  conditions  represented  by  Equation  50  are  illustrated  by  Figure  23. 

It  is  seen  that  the  registration  ratio  is  independent  of  the  protrusion 

H and  is  less  than  unity;  that  is,  a pressure  cell  embedded  in  or  in 
s 

contact  with  a rigid  vertical  wall,  and  with  earth  pressure  at  rest, 
underregisters  and  is  not  influenced  by  protrusion  of  the  cell;  there- 
fore, such  pressure  cells  are  generally  flush  mounted  in  order  to 
avoid  damage  to  a protruding  edge  during  the  backfill  and  compaction 
operations. 

55.  The  numerical  examples  in  Figures  21,  22,  23  are  primarily- 

intended  for  illustration  and  comparison  and  the  diagrams  are  computed 

for  the  same  values  of  N and  K used  in  previous  examples,  whereas 

s s 

the  values  of  N and  K increase  at  rigid  boundaries  as  shown  in  the 
8 s 

special  investigations  by  Walen  (1942),  Gravesen  (1959-B)  and  Askegaard 
(l959»  1961)  are  summarized  in  Figure  31.  These  investigations  also 
indicate  that  the  use  of  relations  based  on  simplifications  or 
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FIGURE  23.  REGISTRATION  RATIOS  FOR  CELLS  IN  RIGID 
WALL -EARTH  PRESSURE  AT  REST. 
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approximft.'. ions  should  be  confined  to  very  email  deformations  of  a pres- 
sure cell  embedded  flush  with  the  surface  of  a rigid  slab  or  wall,  since 
the  area  of  contact  between  the  soil  and  the  pressure  cell  decreases 
with  increas  '.ng  deformation  and  becomes  zero  for  a relatively  small 
deformation.  Figure  31B, 

f«6.  Pressure  cells  at  interface  of  materials  with  different 
i impressibility.  The  foregoing  paragraphs  deal  with  the  action  of  pres- 
sure cells  in  a uniform  free  field  or  at  the  boundary  of  compressible 
and  incompressible  materials.  The  more  general  condition  of  a pressure 
cell  at  the  interface  of  two  different  but  compressible  strata  is  dis- 
cussed in  the  following  paragraphs,  primarily  for  the  purpose  of  enumer- 
ating the  many  factors  to  be  considered  and  to  demonstrate  some  general 
relationships.  Figure  2h  shows  a pressure  cell  straddling  the  interface 
to  the  two  strata.  The  modulus  for  deformation  of  the  softer  materials 

is  designated  by  M and  the  more  rigid  Btre.tum  by  M : further- 

s r 

more,  the  cell  is  oriented  to  measure  the  vertical  or  major  principal 

stress,  a - a . The  embedments  of  the  cell  in  the  two  strata  are  H 
s z 3 

and  K . and 

r * 


H + H « 2B 
s r 


(51) 


As  before,  the  deformation  of  the  cell  caused  by  the  stress  change  o , 
corresp  aiding  to  in  the  soil,  is 


26  = ~ 2B 

c M 

c 


(2  bis) 


whereas  the  corresponding  deformation  of  soil  strc-ta  with  a total  thick- 
ness 2E  and  the  stress  change  a = a is 

8 * T* 


26 


/ <s  + o \/H  H \ 


(52) 


fhe  averuge  change  in  penetration  into  new  3oil  by  the  two  faces  of  the 
cell  are  in  Equation  ^ 
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CULL- SOIL  MODULAR  RATIO,  Mc/M5 

FIGURE  24.  SOIL  PRESSURE  CELLS  AT  INTERFACE  OF 
COMPRESSIBLE  STRATA 
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6 = <5  - 5 

esc 


The  overstress  or  understresa,  o , is  defined  by  Equation  1,  or 


0=0-0 
e c s 


(1  bis) 


and  is  the  same  for  both  faces  of  the  cell  when  the  friction  and  adhesion 
on  the  sidevall  of  the  cell  is  neglibible.  Referring  to  Equation  6,  the 
total  change  in  penetration,  6^  , can  also  be  expressed  by 


26  = ~ D + rp  D = 0 dA-  + 

e N N e l N Ml 

s r \ s t f 


Where  the  indentation  coefficients  N and  N are  functions  of  the 

s r 

properties  of  the  materials  and  the  ratios 


N N 

s ...  r _ 

M M s 

s r 


are  assumed  to  be  constant,  as  before.  Multiplying  the  terms  in  thiB 


equation  by  (M  /N  ) yields 
s r 


N M M 

s _ R JB 

N ~ M " a " s N 
r r r 


and  the  modular  ratio  of  two  given  soils  is  constant.  Equations  1,  2, 
U,  52,  and  53  yield 


(o  - a 
c s 


/ \ / o+o  \/H  H \ o 


Introducing  the  modular  ratio  Rg  , Equation  55.  and  rearranging  yield 
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Multiplying  by  N and  introducing  K from  Equation  produces  the 
8 8 

equation 
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(56A 


or  the  alternative  form  with  individually  dimensionless  component 
elements 


/ o + 0 \tf  + R H 
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These  equations  constitute  a general  expression  for  the  registration 

ratio,  o /o  . obtained  by  the  extended  Taylor  theory. 

c is  ■ 

57 • Simpler  forms  of  Equations  56  for  definite  values  of  , 

H , and  the  modular  soils  ratio,  R^  , are  discussed  in  this  paragraph 
For  M «=  M orR=l  ar.d  with  H + H ■-  2B  Equation  56B  becomes 

c.  r*  n c 1*  ^ 
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which  is  identical  to  Equation  23  as  it  should  be  since  the  conditions 

specified  correspond  to  those  for  a pressure  cell  in  uniform  soil.  For 

M infinite  or  M /M  = R = 0 , Equation  5^A  becomes 
r s r s * ^ 


oc  Ib  + M1 


o + o \ H 

_ v ^ Hj-s 

/2B 


£_+  K -S. 

2B  s M 

c 


which  is  identical  with  Equation  k6  for  a pressure  cell  at  an  incompres- 
sible boundary  and  protruding  the  distance  Hg  into  the  soil.  The  in- 
fluence of  the  modular  ratio,  R = M /M  , on  the  registration  ratio, 

S 8 T 

o /o  , varies  with  the  relative  values  of  H and  H and  is  best 
c s * s r 

examined  for  symmetrical  conditions  or  Rg  = * B , in  which  case 

Equation  56b  reduces  to 


„ / o+o 

~ (1  + R )-K  (l  - v — 1 

2B  s s\  o 


1 + R 


Sr  <1 ♦ V * K„  r 

c 


This  equation  shows  that  maximu  i values  of  o /c  are  obtained  for 

c s 

R =1.0  and  minimum  values  foi  R = C , which  also  are  the  limiting 

£ S 


values  of  R considering  the  definition  of  M and  M 
s 8 r 


A numerical 


example  indicating  possible  variations  of  n /o  and  u /o  for  the 

C S G S 

maximum  and  minimum  values  of  R is  shown  in  Figure  2b.  It  is  assumed 

s 

that  (D/2B)  =6.0,  K *1.33,  v = 1/3  , and  o = o = o /2  . The 

s x y z 

numerical  form  of  Equation  57  ie  then 


a 6.M*(1  + R ) 

c _ s 

o M 

8 6.0(1  R ) + 1.33  5s- 

S M 

c 


Values  of  o /o  as  a function  of  M /M  are  shown  in  Figure  2b  for 
c s c s 


Tfi 


It  is  seen  that  the  soil-soil  modular  ratio 


I 


I 


R » 0 and  R =1.0  . 
s s 

R , has  relatively  little  influence  on  a /a  when  the  cell-soil  modu- 

8 C S 

lar  ratio  is  greater  than  1.0. 

58.  A remaining  problem  concerns  the  placement  of  a pressure  cell 

at  the  interface  of  two  different  soils;  that  is,  the  values  of  H and 

s 

Hr  which  yield  the  optimum  value  of  . These  optimum  values 

depend  on  many  factors,  but  the  following  discussion  is  confined  to  the 

influence  of  the  relative  value  of  M with  respect  to  M and  M , 

c s r 

and  it  does  not  consider  possible  singular  solutions  for  special  stress 

conditions  or  values  of  a , o , and  a . As  defined,  M is  the 

x y z r 

modulus  of  the  less  compressible  soil  layer  and  is  greater  than  M , 

8 

the  modulus  of  the  more  compressible  soil  layer.  Also  by  definitions 


H + II  = 2B 
s r 


and  introducing 


yields 


n 


H 

s 


2B 


n 

1 + n 


(59) 


H - 2B  — r — 
r 1 + n 


(60) 


me  last  term  in  aquation  pbb  can  then  be  written 


H + R H n + R 
s s r s 


2B 


n + 1 


(61) 


where  R = M /M  is  a constant  for  given  soils  and  n is  the  variable 

8 S T 


for  which  the  optimum  value  i3  sought. 


59.  When  is  smaller  than  Mg  the  pressure  cell  wxll  always 
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underregister,  and  the  optimum  value  of  "n"  is  t iat  which  produces  the 

maximum  value  of  c/a  in  Equation  56.  The  only  variable  on  the  right 

c s 

side  of  this  equation  is  the  term  shown  in  Equation  6l,  and  the  maximum 
value  of  this  term  is  obtained  for  n equal  to  Infinite  or  l/n  = 0 , 
which  yields 


H =0  and  H - 2B 
r s 


that  is,  the  pressure  cell  should  be  placed  entirely  ir  the  more  compres- 
sibJe  layer  but  in  contact  with  the  interface  between  the  two  layers. 


60.  For 


Mc  greater  than  Me 


but  smaller  than  M , the  regis- 


tration ratio  o /o  may  vary  from  smaller  than  1.0  to  greater  than  1.0 
c s 


with  changes  in  and 


The  optimum  values  of  H 


and  H or 
r 


of  the  ratio  n are  those  which  produce  a /a  - 1.0  . Equation  56B 

c s 


may  then  be  reduced  to 


M / o+o\H+RH 

K — s K |1  - v I l_r 

s M e\  o / 2B 

c.  \ 1 ! 


and  by  use  of  Equation  6l 


M / a + c \ n + R 


(62) 


from  which  "n"  and  the  correspondi;ig  optimum  values  of  H and  H can 


be  determined;  see  also  Figures  21-2k. 


6l.  In  case 


M is  greater  than 
c 0 


M 


the  -pressure  cell  will 


always  overregister  and  the  optimum  value  of  "n"  is  that  producing  the 


minimum  value  of  o /a  in  Equation  56B  , or  Equation  6l,  since  H 

C G £ 

smaller  than  one.  The  minimum  value  of  the  term  (n+R  )/(n  + l) 

s 


= 2B  ; that  is,  the  pressure  cell 


occurs  for  n=0  or  H =0  and 

s 

should  be  placed  in  the  less  compressible  layer  but  in  contact  with  the 
interface  between  the  two  soil  layei-3. 

62.  Important  limltat:ons.  The  special  case  of  a pressure  cell 
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located  at  the  interface  of  two  compressible  but  different  soil  strata 
has  not  yet  been  treated  in  available  publications.  The  foregoing  dis- 
cussion and  mathematical  analysis  of  the  problem  is  based  on  the  same 
assumptions  as  the  simplified  analyses  of  the  soil-cell  interaction  in  a 
free  field;  that  is,  the  method  is  a simplified  indentation  analogy,  in 
vhich  the  soil  deformations  are  determined  by  simplified  equations  and 
the  indentation  forces  are  obtained  by  the  Boussinesq  equations  for  a 
load  at  a free  soil  surface.  The  direct  influence  of  lateral  stresses 
on  the  axial  stresses  is  not  considered.  It  is  probable  that  the  result- 
ing explicit  formulas  yield  an  indication  of  the  form  of  relationships 
under  investigation,  but  the  numerical  results  may  not  be  reliable,  and 
the  errors  in  cell  registration  are  generally  larger  than  those  obtained 
by  the  simplified  equations  and  diagrams.  Improved  results  may  be  ob- 
tained by  multiplying  the  independent  coefficients  in  the  equations, 
especially  , with  a correction  factor.  Such  a correction  factor  is 
not  yet  available  or  even  constant,  but  the  maximum  values  are  indicated 
by  the  limiting  diagrams  for  °c/°s  or  0e/°s  *n  Figure  and  the 
difference  in  ordinates  of  the  two  limiting  diagrams  is  not  large. 

Those  limiting  diagrams  may  also  be  obtained  by  other  and  more  reliable 
methods  of  analysis,  as  described  in  the  following  summary  of  currently 
available  theories  for  soil-cell  interaction-  Finally,  it  is  to  be 
noted  that  the  simplfied  analysis  can  only  be  applied  to  a pressure  cell 
straddling  or  in  contact  with  an  interface  or  boundary  but  not  to  cells 
a short  distance  from  such  discontinuity. 

Influence  of  extra- 
neous  soil  deformations 

63.  Definitions.  The  simplified  theory  for  the  interaction 
soil  and  pressure  cells,  discussed  in  the  foregoing  paragraphs,  is 
fined  to  conditions  of  corresponding  changes  in  stresses,  strains, 
deformations  of  the  soil,  which  may  be  expressed  by 

o oo 

e = ~ and  26  = 2Be.  - 2B  —• 

s M a s M 

s s 


of 

Con- 

or 


(63) 


0* 


where  og  and  eg  are  corresponding  changes  of  stress  and  strain  in 

the  soil,  and  6g  is  the  deformation  of  a soil  layer  with  thickness  2B 

equal  to  that  of  the  pressure  cell.  It  should  be  noted  that  the  modulus 

Mg  here  has  the  same  numerical  value  as  that  used  in  determining  the 

indentation  coefficient  and  ratio,  N and  K , as  discussed  in  para- 

s s 

graph  32.  These  deformations  may  be  called  stress-dependent  or  normal 
deformations.  However,  strains  and  deformations  may  take  place  without 
a change  in  stresses  and  may  be  designated  by 


e and  26  = 2Be  but 

ce  se  se 

without  a corresponding  change  in  soil  stress  or  o = 0 (64) 

3 

Such  strains  and  deformations  are  ncnstress  dependent  or  extraneous  de- 
formations, which  may  be  caused  by  creep,  loading  followed  by  unload- 
ing or  vice  versa,  shrinkage  or  swelling,  and  by  temperature  changes, 
Carlson  (1939)  and  Moniore  (1950).  Unrestricted  shrinkage  or  swelling 
occur  without  a change  in  outside  forces  and  total  stresses.  The  in- 
fluence of  temperature  changes  discus3ed  in  thi3  report  refers  only  to 
the  effect  of  a difference  in  volume  changes  of  cell  and  soil  for  a 
given  temperature  change.  The  influence  of  temperature  changes  on  the 
internal  parts  of  a pressure  cell  ore  usually  made  nearly  self  compen- 
sating so  that  they  do  not  cause  any  change  iu  the  calibration  of  a cell 
or  the  indication  of  the  cell  for  a given,  effective  load  change. 

64.  Errors  caused  by  extraneous  deformations.  The  following 

analysis  is  confined  to  pure  extraneous  deformations  at  zero  stress 

changes,  corresponding  to  Equation  64.  The  methods  and  assumptions  of 

this  simplified  analysis  are  similar  to  those  previously  used  for  normal 

or  stress-dependent  deformations  and  are  subject  to  the  same  limitations. 

Referring  to  Equation  64,  the  extraneous  deformation  for  a soil  layer 

with  thickness  2B  and  at  a strain  e is 

se 


26  = 2Be 

se  se 


and  a cor- 
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This  soil  deformation  causes  a change  in  deformation,  » 

responding  change  in  stress  registration,  a , of  the  pressure  cell. 

C6 

Since  a ■ 0 , the  change  0 is  also  the  error  in  cell  registration 
s ce 

or  a - a . The  total  change  in  deformation  of  the  cell,  2$  , is 

e ce  ce 

then 


> 


26  = 2B  — 

ce  M 


(65) 


The  indentation  of  the  soil  by  each  side  of  the  cell  is 


6=6  - 6 
e se  ce 


(06) 


According  to  Equauion  6,  6^  can  also  he  determined  by 


6 = D M 

e N 


(6  bis) 


which  combined  with  Equation  66  yields 
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or  by  resolving  for  o 
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(67) 


where  K is  defined  by  Equation  7 or 
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The  error  in  cell  indication  can  then  be  determined  by  Equation  67  when 
the  extraneous  strain  e is  known,  but  comparisons  with  similar  equa- 

SC 

tions  for  normal  or  stress-dependent  deformations  is  facilitated  by 
introducing  an  equivalent  stress,  a , which  corresponds  to  the  strain 

S 6 

e and  the  current  value  of  the  modulus  of  deformation  of  the  soil, 
se  5 

M , or 
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0 

se 


e M 


se  s 


(68) 


Dividing  Equation  67  with  Equation  69  yields  the  error  ratio  for  extra- 
neous deformations 
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Values  of  0/0  as  a function  of  M /M  or  M /M  are  shown  by 
e se  sees 

the  upper  diagram  in  Figure  25  for  a WES  soil  pressure  cell  witn 

D = 6.0  in.,  2B  = 1.0  in.,  and  K = 1.33  • The  error  ratio  varies  from 

s 

au  M /M  — 0 i/O  a uiajtiiuum  of  O.iil  aL  H /M  = 0 . There  is  very 
C s s c 

little  variation  in  o / o when  M is  larger  than  M . As  before, 

e se  c s ’ 

oe  is  positive  when  it  represents  an  increase  in  cell  registration  and 
compression,  whereas  and  6ge  are  positive  when  they  indicate  a 

decrease  in  thickness  of  soil  layers  and  an  increase  in  soil  compression 
above  and  below  the  cell.  Strains  and  stresses  of  opposite  sign  occur 
in  soil  outside  but  close  to  the  periphery  of  the  cell. 

65.  Comparison  of  errors  by  normal  and  extraneous  deformations. 
Equation  69  and  the  upper  diagram  in  Figure  25  represent  errors  in  cell 
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FIGURE  25.  PRESSURE  CELL  ERROR  RATIOS  FOR  NORMAL  AND 
EXTRANEOUS  DEFORMATIONS. 


indications  caused  by  extraneous  deformations.  Corresponding  values  of 
the  error  ratio  for  normal  or  stress-dependent  deformations  my  be 
determined  by  Equation  19  or 


— 

_ y c 

D s _ M 

1 + ~ K —■ 
D s M 
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(19  bis) 


and  the  relationship  is  shown  by  the  lower  diagram  in  Figure  25.  The 

maximum  value  of  a /o  occurs  at  M /M  =0  and  is  0.111  or  the  same 

e s s c 

as  for  o /o  . However,  for  M = M the  error  ratio  a /a  ~ 0 
e se  ’sc  e s 

whereas  a /a  - 0.10  , and  for  values  of  M smaller  M there  is 
e se  c s 

not  only  a great  numerical  difference  between  the  error  ratios  for 
stress-dependent  and  extraneous  deformations  but  these  ratios  and  the 
needed  corrections  are  of  opposite  sign.  These  results  are  important  in 
case  normal  and  extraneous  deformations  occur  at  the  same  time;  for  fur- 
ther discussion  of  this  problem  see  paragraph  6j . 

66.  Influence  of  temperature  changes.  A change  in  temperature  of 
a pressure  cell  and  the  medium  in  which  it  is  embedded  may  affect  the 
indicated  pressure  in  several  ways,  which  may  be  summarized  as  follows: 

a.  A temperature  change  will  affect  the  electrical  con- 
ductivity of  wire  or  foil  strain  gages  in  a pressure  cell, 
but  the  connections  of  these  gages  are  usually  so 
designed  that  positive  and  negative  errors  practically 
compensate  each  other. 

b^.  The  steel  or  other  metals  in  a pressure  cell  has  a much 
greater  thermal  expansion  or  contraction  than  the  matrix 
in  which  the  cell  is  embedded.  Consequently  a tempera- 
ture change  will  cause  a movement  of  the  cell  with  re- 
spect to  the  surrounding  medium,  and  the  sum  of  the 
movements  of  both  faces  of  the  cell  may  be  expressed  by 


26  = 2B(a  - a )T° 

se  c s 


where  ac  is  the  coefficient  of  linear  thermal  expansion 

of  the  cell,  a is  the  corresponding  coefficient  fu 
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the  surrounding  material,  and  T°  i3  the  temperature 
change.  The  relative  movement  of  each  face  of  the  cell, 
6se  , may  then  be  considered  and  treated  as  an  extraneous 
deformation. 

c_.  The  third  type  of  error  caused  by  temperature  changes 

apply  only  to  pressure  cells  in  which  the  pressure  on  the 
face  plate  is  transmitted  through  a liquid  film  to  an 
interior  measuring  diaphragm,  such  as  in  the  Carlson  and 
WES  pressure  cells.  The  volume  change  of  the  liquid,  oil 
or  mercury,  is  greater  than  that  of  the  cell  material  for 
the  same  temperature  change.  Furthermore,  the  liquid  film 
is  more  or  less  laterally  confined  and  a volume  change 
primarily  occurs  as  a change  in  thickness  of  the  liquid 
film,  which  in  turn  causes  changes  in  the  pressure  of  the 
liquid  and  in  indica cions  by  the  measuring  diaphragm. 

This  influence  of  temperature  changes  cannot  be  eliminated 
completely  but  it  can  be  reduced  materially  by  making  the 
film  as  thin  as  is  consistent  with  the  manufacturing  pro- 
cess, usually  between  0.01  in.  and  0.03  in.,  and  necessary 
corrections  can  be  determined  during  calibration  and  ex- 
pressed by  a general  equation,  Carlson  and  Pirtz  (1952). 

67.  Mixed  normal  and  extraneous  deformations.  Soil  and  concrete 
subjected  to  creep  or  plastic  flow  and  to  cycles  of  loading  and  unload- 
ing exhibit  both  normal  and  extraneous  deformations.  The  latter  are  of 
special  importance  when  it  is  desired  to  determine  the  total  stress 
changes  rather  than  those  caused  by  the  last  load  increment.  The  pres- 
sure cell  will  indicate  a stress  corresponding  to  the  stress  change 
since  placement  of  the  cell,  but  the  indicated  stress  is  subject  to 
errors,  and  the  needed  corrections  are  quite  different  for  normal  and 
extraneous  deformations,  except  when  the  cell-soil  modular  ratio, 

Mc/Ms  , is  large  as  shown  in  Figure  26.  Use  of  a single  correction 
equation  or  no  corrections  at  all  may  lead  to  misleading  results  when 
the  modular  ratio  is  small,  especially  when  it  is  less  than  unity.  In 
such  cases  it  is  advisable  to  supplement  a series  of  pressure  cells  with 
a few  strain  meters,  Carlson  and  Pirtz  (1952),  which  may  furnish  data 
making  it  possible  to  separate  the  two  types  of  deformations  and  corre- 
sponding corrections.  Further  investigations  of  this  problem  are  needed. 
In  general,  strain  meters  are  useful  even  when  the  cell-soil  modular 
ratio  is  large,  because  these  meters  furnish  information  on  res?12ual 
strains,  creep,  and  rate  of  creep,  which  is  needed  for  estimation  of  the 
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ultimate  deformation  of  earth  and  foundation  structures. 


Reviev  of  Proposed  Theories  for  Soil-Cell  Interaction 

68.  The  general  objectives  of  this  section  are  to  enumerate  the 
most  important  methods  for  estimating  the  interaction  of  soil  and  pres- 
sure cells,  to  present  a brief  summary  of  the  general  principles  and 
results  which  are  of  particular  importance  for  discussions  in  this  re- 
port. Although  a soil  pressure  cell  may  be  considered  as  an  inclusion 

in  soil  or  rock,  the  following  comments  do  not  include  the  more  elaborate 
theories  for  stresses  on  buried  structures,  except  some  parts  which  may 
be  used  to  advantage  in  the  analysis  of  the  action  of  pressure  cells. 

Most  theories  consider  the  soil  surrounding  a pressure  cell  to  be  an 
elastic  material  with  constant  properties,  whereas  the  deformation  char- 
acteristics of  soils  usually  change  with  the  stress. 

Simplified  methods 
in  a free  stress  field 

69.  Indentation  analogies.  One  of  the  earliest  and  most  commonly 
used  pressure  cell  theories  obtain  closed  equations  for  the  cell  action 
by  analogy  with  the  indentation  of  a rigid  cylinder  or  punch  into  the 
surface  of  a semi-infinite,  elastic  body,  and  the  simplified  theory  dis- 
cussed in  this  report  belongs  to  this,  group  of  theories.  The  general 
prir  s ',  vu.es  of  the  theory  have  been  explained  in  Che  foregoing  part  of 
the  re.  >01  c,  but  they  will  be  summarized  here  to  emphasize  their  advan- 
tages and  limitations.  The  method  bypasses  determination  of  the  actual 
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screes  bUni.riuui.iuii  u.uu  i»  priiiianiy  coiicei'neu.  with  average  stresses  and 
strains.  Eductions  ore  written  for  deformation  of  the  pressure  cell 
under  its  reg.siered  load  and  for  a soil  layer  under  the  nominal  field 
stress  load  and  htving  a thickness  equal  to  that  of  the  cell.  The  dif- 
ference between  these  deformations  i s the  indentation  or  retraction  of 

the  two  faces  of  the  cell  with  respect  to  the  soil.  The  force  corre- 

* 

spending  to  this  positive  or  negative  Indentation  is  then  to  be  esti- 
mated by  means  of  the  Bouse iresq  equation  for  the  indentation  of  the 
surface  of  an  elastic  body  by  a smooth  and  rigid  cylinder,  and  this 
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equation  together  with  the  deformation  equations  make  it  possible  to 
solve  the  problem.  This  method  has  been  used  by  Taylor  (19**5) , Nils  Hast 
(19U5),  Coutinho  (19**9) , Peattie  and  Sparrow  (195*0,  and  others.  The 
analysis  is  simplified  and  deals  primarily  with  stresses  and  strains  nor- 
mal to  the  pressure  cell  although  the  Poisson  effects  of  known  lateral 
strains  are  considered  in  this  report,  directly  or  indirectly.  The  nu- 
merical results  may  be  in  need  of  appreciable  correction  factors,  but 
the  method  is  very  flexible  and  yields  a logical  explanation  of  the  cell 
action  plus  relative  relationships  for  conditions  not  yet  covered  by 
rigorous  analysis,  which  are  very  helpful  in  the  planning  of  further  an- 
alytical or  experimental  research. 

70.  Limitations  - Boussinesq  versus  Minllin  equations.  The  prin- 
cipal causes  of  numerical  errors  in  results  obtained  by  the  indentation 
analogy  are 

a.  Simplifications  in  computing  stresses  and  deformations 
of  soil  close  to  the  rim  of  the  pressure  cell. 

b.  The  influence  of  lateral  stresses  in  the  soil  are  only 
indirectly  taken  into  consideration  by  the  Poisson  effect 
of  lateral  stresses  on  axial  strain. 

c^.  A major  source  of  error  occurs  when  translating  soil-cell 
differential  deformations  into  stress  or  force  by  analogy 
with  a rigid  disk  at  the  soil  surface.  The  indentations 
later  are  determined  by  the  Boussinesq  equations,  but 
these  equations  are  not  valid  in  the  interior  of  a soil 
mass,  where  the  Mir.dlin  equations  should  be  used.  The 
relations  between  stress  and  indent  anion  of  a rigid  disk 
in  the  interior  of  a soil  mass  have  not  yet  been  deter- 
mined, but  comparisons  of  Boussinesq  and  Mindlln  equa- 
tions to  an  interior  point  load  by  Geddes  (1966)  are 
shown  in  Figure  26  and  give  an  indication  of  the  magni- 
tude of  errors  which  may  be  caused  by  use  of  the 
Boussinesq  instead  of  the  Mindlin  equations.  The  diagrams 
in  Figure  26  apply  only  to  points  directly  below  a point 
load.  The  error  decreases  with  radial  distance,  and  a 
reversal  must  ultimately  occur,  so  that  an  integration 
of  stresses  on  a horizontal  plane  will  yield  the  total 
force  P. 

d.  Nonlinear  stress-strain  relations,  hysteiesis,  and  resid- 
ual stresses  and  strains  may  affect  tote1,  registrations 
of  a pressure  cell  but  the  influence  of  rhece  factors 
are  small  for  incremental  registration  ratios.  The  re- 
marks about  the  Boussinesq  versu3  Mindlin  equations  apply 
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not  only  to  the  indentation  analogy  but  whenever  the 
Boussinesq  equations  for  stresses  and  deformations  caused 
by  forces  on  the  soil  surface  are  applied  to  forces  in 
the  interior  of  a soil  mass. 

71.  Use  of  finite  annular  elements.  The  following  comments  apply 
only  to  pressure  cells  in  a free  field,  whereas  cells  at  or  in  a rigid 
boundary  will  be  discussed  later.  It  is  assumed  that  a plane  through 
the  midheight  of  the  cell  remains  plane  in  both  cell  and  soil  during 
and  after  a load  change,  and  the  normal  stress  on  a series  of  annular 
elements  is  altered  until  this  requirement  is  fulfilled.  Only  normal 
stresses  on  the  annuli  are  considered,  and  they  are  computed  by  means  of 
the  Boussinesq  equations.  This  leads  to  a series  of  simultaneous  equa- 
tions which  can  be  solved  by  various  methods,  and  the  resulting  loads  of 
the  elements  indicate  the  stress  distribution  on  the  cell  and  errors  in 
its  registration.  The  solution  of  the  simultaneous  equations  can  be 
facilitated  by  use  of  a computer,  and  is  similar  in  principle  to  that 
used  in  the  finite  element  method  of  analysis.  In  the  two  examples  dis- 
cussed in  the  following  paragraphs  the  pressure  cells  are  assumed  to  be 
inclusions  with  uniform,  elastic  properties,  but  the  method  can  be  ex- 
tended to  a pressure  cell  with  an  inactive  rim  and  an  active  diaphragm 
or  cell  when  the  finite  element  method  of  analysis  is  used. 

72.  In  an  unpublished  thesis,  Carlson  (1939)  used  the  method  of 
finite  annular  elements  for  analysis  of  the  response  of  a pressure  cell. 
Results  of  subsequent  refinements  of  the  original  analysis  are  presented 
in  a paper  by  Carlson  and  Pirtz  (1952),  but  this  paper  does  not  contain 
all  the  details  of  the  computations.  However,  the  paper  is  extended  to 
cover  the  influence  of  extraneous  soil  deformations  and  temperature 
changes.  Carlson  and  Pirtz  (1952)  also  suggest  that  lateral  or  radial 
stresses  in  some  cases  also  may  have  considerable  influence  on  the  cell 
registration  of  axial  stresses.  The  simultaneous  equations  are  solved 
by  trial  and  error,  similar  to- the  method  used  in  the  trial  load  anal- 
ysis of  arch  dams.  The  results  are  in  good  agreement  with  both  the 
original  analysis  and  later  solutions  by  others  using  the  same  or  more 
systematic  methods.  Monfore  (1950)  has  performed  a detailed  and  very 
efficient  analysis  of  the  influence  of  a pressure  cell,  considered  as  a 
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uniform  inclusion,  on  the  pressures  in  the  surrounding  soil.  The  method 
of  annular  rings  was  used,  and  the  task  was  facilitated  by  preparing 
tables  of  terns  or  ratios  in  the  simultaneous  equations  which  are  in- 
dependent  of  the  properties  of  the  materials,  and  solving  the  equations 
by  systematic  divisions.  An  easier  solution  could  be  obtained  by  use  of 
matrixes  and  electronic  computers,  but  they  were  not  available  whin  the 
paper  was  prepared.  The  influence  of  the  diameter-thickness  ratio  of 
the  cell,  and  of  the  cell-soil  modular  ratios,  Mc/Mg  , were  determined 
and  are  shown  graphically.  Extraneous  deformations  of  the  soil  and 
temperature  changes  in  cell  and  soil  were  also  considered.  All  the  re- 
sults are  in  general  agreement  with  those  yielded  by  previously  mentioned 
methods.  Numerical  results  were  obtained  for  a uniform  inclusion  with  a 
diameter  of  2.5  inches  and  embedded  in  concrete.  The  value  of  Poisson's 
ratio  was  assumed  to  be  v = 0.2  for  concrete,  and  minor  variations  are 
not  important  since  this  ratio  appears  only  in  the  term  (1  - v ) . A 
special  an<  Lysis  was  made  for  a pressure  cell  with  the  dimensions  of 
the  Carlson  pressure  cell,  and  the  result  of  the  analysis  by  Carlson 
was  verified. 

73.  Influence  of  an  inactive  rim.  Monfore  (1950)  noted  tnat  the 
error  in  pressure  cell  registration  would  be  reduced  from  9*0  percent  to 
5.0  percent  when  only  the  stresses  on  the  central  part  of  the  entire 
cell  are  considered.  This  theoretical  result  was  later  verified  by 
Peattie  and  Sparrow  (1951*),  who  investigated  the  influence  of  an  inac- 
tive rim  of  cells  in  various  types  of  soils.  The  experiments  were  made 
with  soil  and  cells  in  a solid-walled  container.  The  soil  was  subjected 
to  surface  loading,  and  corrections  were  made  for  the  influence  of  side- 
wall  friction.  A special  cell  was  built  which  makes  it  possible  to 
change  the  active  area,  Figure  2JA.  The  authors  suggest  that  the  active 
area  of  a pressure  cell  should  be  between  0.25  and  0-1+5  times  the  total 
area  of  the  cell.  Peattie  and  Sparrow  also  suggest  that  the  modular 

ratio,  M /M  , should  not  be  less  than  ten,  in  which  case  the  simple 
5 c s 

equation  a to  = C (B/D)  may  be  used.  The  results  of  tests  with  cells 
c s a 

with  an  inactive  rim  arid  with  a full  active  face  are  compared  in  Fig- 
ure 2'fA.  The  maximum  error  in  registrations  of  cells  with  a full  active 
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I FROM  PEATTIE  AND  SPARROW  ( 1954) 
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FIGURE  27  A.  PRESSURE  CELL  ERROR  RATIOS  FOR  VARIOUS 
SOIL  TYPES  AND  PRESSURES. 
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face  was  found  to  be  4j  percent  for  cells  in  dense  sand.  The  average 
error  in  registrations  of  cells  with  an  inactive  rim  was  consistently 
smaller  than  the  error  for  cells  with  a full  active  face,  irrespective 
of  the  type  of  soil  in  which  the  cells  were  embedded.  However,  tests  at 
the  Waterways  experiment  Station  with  cells  in  sand  indicated  that  the 
registrations  of  cells  with  an  inactive  rim  approach  those  of  cells  with 
a full  active  face  when  the  stress  conditions  in  the  surrounding  soil 
approach  these  of  failure;  nee  Part  III  of  this  report.  Figures  $5-97. 
Experimental  data  shown  in  Figure  27B  show  that  the  stress  ratio  °c/°cp 
is  a linef r function  of  the  thickness-diameter  ratio,  B/D. 

Trapdoor  analogies 

74.  The  Terzaghi  analysis.  In  the  trapdoor  analogy  the  force 
corresponding  to  a differential  deformation  of  soil  and  pressure  cell  is 
estimated  by  comparison  with  the  forces  on  a yielding  or  advancing 
trapdoor  at  the  bottom  of  a soil-filled  bin.  Many  papers  on  the  trap- 
door problem  have  been  published  over  the  years;  the  analysis  presented 
’ ^ -aghi  (1936,  19^3)  is  illustrated  in  Figure  20.  Active  or  passive 
aic.-lng  occurs  in  the  soil  over  the  trapdoor,  but  the  arching  does  not 
affect  the  soil  beyond  a critical  distance  or  cover  , and  the  weight 
01  soil  above  this  depth  merely  increases  the  effective  surface  load. 
Figure  20.  Terzaghi  has  analyzed  the  forces  acting  on  a long  rectangu- 
lar or  strip-type  trapdoor,  to  or  below  the  critical  depth  z^  , and 
he  simplified  the  problem  by  replacing  some  curved  ana  inclined  failure 
surfaces  with  plane  and  vertical  surfaces.  This  analysis  yielded  the 
following  equation  for  the  force,  a ^ , acting  on  a yielding  trapdoor 
and  corresponding  to  active  soil  pressure  over  the  door 

0 = - WBjJ  [l  - e-K  tan  0 (z/B)]  + qe"K  tan  0 (z/B)  (71A) 

where  z is  the  depth  of  soil  above  the  door  and  K is  the  coefficient 
of  earth  pressure.  The  value  of  z used  in  this  equation  should  not  be 
grear.er  than  z . In  sand  or  sandy  soils  it  is  generally  adequate  to 
consider  only  the  effect  of  the  surface  load,  which  yields 
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(71B) 


o = qe 
v ^ 


-K  tan  0 (z/B) 


The  corresponding  equation  for  an  advancing  door  and  passive  earth  pres- 


sure is 


o = qe 
v H 


+K  tan  0 (z/B) 


(71C) 


The  equations  furnish  limiting  values  of  for  a depth  or  cover  z , 


smaller  than  z. 


The  movements,  6 , of  the  door  do  not  enter  into 


these  equations,  and  it  is  tacitly  assumed  that  the  movements  are  large 
enough  to  mobilize  the  peak  soil  strength.  Terzaghi  (1943)  states  that 
smaller  movements  of  the  door  produces  smaller  pressures  on  the  door, 
but  a possible  relation  between  6 and  is  not  suggested.  Terzaghi 

(1943)  found  that  the  critical  depth,  z^  , is  between  2D  and  3D  for  a 
yielding  door  and  active  earth  pressure.  Terzaghi  states  that  the  rela- 
tive merit  of  proposed  trapdoor  theories,  including  the  theory  presented 
by  him,  is  still  unknown  - in  1943. 

75  = Experiments  by  McNulty.  Extensive  and  carefully  executed 
experiments  with  circular  trapdoors  were  performed  by  McNulty  (1965)  at 
the  WES.  In  addition,  reviews  are  presented  of  initial  investigations 
of  the  trapdoor  problem  by  Terzaghi  (1936-1943)  and  of  recent  publica- 
tions on  the  more  general  problem  of  soil-structure  interaction  by 
Spangler  (1948).  The  McNulty  experiments  were  made  with  two  diameters 
of  the  trapdoor,  3 and  6 in.,  placed  at  the  bottom  of  a test  bin  with 
a diameter  of  46.75  in.  Two  types  of  medium  grained  sand  were  used, 
placed  at  average  unit  weights  of  iOu  and  iuo  per,  corresponding  to 
relative  densities  of  7£  and  76  percent,  which  were  obtained  by  means  of 
a mechanical  spreader  and  final  vibration.  The  depth  of  the  sand  varied 
for  individual  tests  but  did  not  exceed  twice  the  diameter  of  the  trap- 
door used  in  the  test.  Results  of  tests  for  various  depths  of  sand  in 
the  bin  are  shown  in  Figure  28a,  where  q is  the  surface  pressure  and 
is  the  unit  pressure  on  the  trap  door.  Diagrams  for  active  and 
passive  pressures  are  quite  different  but  have  a common  tangent  for  zero 
movement  of  the  door.  Data  for  very  small  movements  of  the  door  are 
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shewn  in  enlarged  scale  in  Figure  28B,  which  shows  that  nearly  linear 
relations  e::ist  to  a movement  of  about  0,0002  times  the  diameter  of  the 
trapdoor.  As  pointed  out  by  McNulty,  such  a small  movement  may  change 
the  pressure  on  the  trapdoor  by  about  50  percent.  Experiments  with  cir- 
cular trapdoors  form  excellent  models  for  the  action  of  pressure  cells 
placed  flush  with  the  surface  of  a rigid  boundary  for  the  soil.  However, 
the  reliability  of  trapdoor  experiments  as  models  for  the  action  of  pres- 
sure cells  in  a free  stress  field  is  still  open  to  question,  because 
lateral  movements  of  soil  near  a trapdoor  are  hindered  by  friction  be- 
tween the  soil  and  the  rigid  boundary.  Notations  used  by  Terzaghi, 
McNulty,  Mason,  and  other  authors  are  quite  different  in  some  instances 
which  may  cause  misunderstandings.  Therefore,  the  notation  in  figures 
and  equations  by  these  authors  have  been  changed  when  they  are  used  or 
quoted  in  this  report. 

76.  In  the  theoretical  evaluation  of  the  test  data,  McNulty 
considers  first  elastic  conditions  for  the  nearly  linear  part  of  the 
load-deflection  diagrams.  Figure  28b.  Here  the  Boussinesq  equations 
should  epply , One  form  of  these  equations  is  reported  by  Timoshenko- 
Goodier  (1951)  and  is  shown  in  Equation  9 of  this  report,  that  is 


(5 

v 


(9  bis) 


This  equation  may  be  used  to  estimate  the  slopes  of  the  initial  parts 
of  diagrams  for  both  active  and  passive  pressures  or,  conversely,  to 
compute  the  moduli  of  soil  deformation  when  0^  and  a v are  Known. 

The  ultimate  values  of  are  in  the  plastic  region  and  may  be  deter- 

mined by  the  Terzaghi  Equations  71a,  b,  c when  they  are  transformed  from 
a strip-type  to  a circular  trapdoor.  Inis  transformation  yields,  con- 
sidering only  uniform  surface  loads. 


^e+2K  tan  0 (H/R) 


(72) 
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which  agrees  fairly  well  with  test  data  for  active  pressures,  excluding 
small  values  of  (H/R).  For  passive  pressures  McNulty  adopts  the  rigid 
body  approach,  in  which  a soil  cylinder  above  the  trapdoor  is  assumed  to 
be  rigid  and  subjected  only  to  sidewall  friction  on  the  cylindrical  sur- 
face, 2irR'ti  • q • K • tan  0 , which  yields  the  equation 

» q[l  - 2K  tan  0 (H/R)]  (73) 

this  agrees  fairly  well  with  passive  pressures  for  (H/R)  greater  than  2. 
These  equations  apply  to  initial  and  ultimate  values  of  and  6^r  . 

McNulty  suggests  a semi-empirical  method  for  determination  of  cor- 

responding to  intermediate  values  of  6 or  ( 6^/D)  , using  experi- 
mentally determined  diagrams  for  (6  ,o  ) in  combination  with  a secant 
analysis.  Approximate  analytical  solutions  have  been  suggested  by 
Mason  (1965),  which  are  discussed  in  the  following  paragraphs.  More 
rigorous  mathematical  solutions  have  been  developed  by  Askegaerd  (1959) 
and  Gravesen  (1959);  see  paragraphs  8h  and  85. 

77.  Investigations  by  Mason  and  Associates.  Trapdoor  experiments 
and  the  theory  by  Terzaghi  (1936,  19^3)  constitute  an  excellent  model 
of  the  actions  of  a soil  pressure  cell  placed  flush  with  the  surface  of 
a rigid  boundary.  A rigid  boundary  restricts  lateral  movements  of  the 
soil,  but  the  Terzaghi  trapdoor  theory  does  not  consider  the  influence 
of  lateral  soil  stresses  and  strains.  This  applies  also  to  the  theory 
proposed  by  Mason  and  Associates  (1965)  of  the  United  Research  Services 
for  determination  of  the  approximate  axial  stresses  on  a pressure  cell 
in  a free  stress  field.  The  problem  is  illustrated  in  Figure  29,  where 
z ^ corresponds  to -the  critical  depth  of  soil  cover  over  a trapdoor. 
Deformations  and  stresses  of  soil  at  distances  greater  than  z above 
or  below  the  cell  are  not  affected  by  the  presence  of  the  cell.  With  a 

uniform  stress  o in  the  free  soil  or  a uniform  load  o at  the 

s s 

critical  distances,  the  theory  considers  only  the  average  stress 

0=0+0  within  a soil  cylinder  above  and  below  the  cell,  which  may 
c s e 

be  expressed  by  an  equation  similar  to  that  for  a trapdoor.  Equation  J2, 
or 
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SOIL  DEFORMATION  FOR  THICKNESS  2B -2£5 -2B 

CELL  DEFORMATION  =2  €c  - 2B  ^e/Mc 

Differential  deformation  or  indentation,  Se  = 6s-Sc 


FIGURE  2S.  DEFINITIONS  FOR  MASON-URS  PRESSURE  CELL  THEORY. 
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z + 2K  tan  0 (z/R) 
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At  the  critical  distance,  z,  , the  stress  is  o , but  it  is  a at 

1 * s * c 

the  cell,  which  yields  the  following  relation  between  z and  (o  /a  ) , 

_L  0 8 


21  = 2K  tan  0 1X1 


ft) 


Integration  of  soil  deformations  from  the  critical  distances  to  the  cen- 
terline of  the  cell  yields  the  following  equations  for  differential 
settlements,  corresponding  to  the  indentation  used  in  the  simplified 
theory;  for  passive  pressure. 


6 a 

e = 8 

R M • 2K  tan  0 
s 


1-1 n — 
o 

a 


(76a) 


and  for  active  pressure* 


6 o 

e __  8 

R ' ' M • 2K  tan  0 
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(76b) 


The  integrations  also  yield  the  following  relations  between  the  stress 

ratio  (o  /n  ^ nn<5  t.Vie  mnrliil  n.r  rftt.lo  fM  /M  ) . for  nassive  nressuie 

C S * ------  sc*  ‘ * 


+ In  (~|  + (I)  2K.  tan  0 


©ft) 


2K  tan  0 


(77a) 


and  for  active  pressures 
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Similar  equations  were  also  derived  for  nonlinear  stress-strain  relations 
represented  by  the  equation 


2/3 


or 


M c 

B 


3/2 


(78) 


In  seme  cases  the  nonlinear  stress-strain  relationship  yields  better 
agreement  between  theory  and  experimental  data. 

78.  In  initial  experiments  by  United  Research  Services  small  test 
bodies  were  placed  in  much  larger  triaxial  test  specimens.  The  results 
of  trese  tests  plus  theoretical  considerations  yield  the  general  diagrams 
sbovTi  in  Figure  30A.  Active  stresses  decrease  and  passive  stresses  in- 
crease with  increasing  depth  below  the  free  soil  surface  until  a criti- 
cal depth  is  reached,  whereupon  the  stresses  remain  constant  with  addi- 
tional increases  in  depth.  In  Figure  30A  the  full  drawn  diagrams 
represent  original  theoretical  relations  and  the  dashed  diagrams 
experimental  duta.  The  experiments  indicated  a more  gradual  transition 
to  constant  values  of  (0  /o  ) . Additional  experimental  data  indicated 

C fl 

that  tne  critical  depths  onu  the  ultimate  values  of  the  stress  ratio, 

(o  /o  ) also  increase  with  increasing  deformation  ratios  (6  /R)  , 
c s c 

Figure  30H.  More  uetailed  comparisons  of  the  theory  with  the  experi- 
mental trapdoor  experiments  by  McNulty  (1965)  are  shown  in  Figures  31 
and  32.  In  general,  good  agreement  exists  for  small  deformation  ratios 
(6e/l)  and  in  some  cases  alBo  for  larger  deformations  in  combination 
with  the  larger  depth  of  cover.  Figure  32A  shows  that  apparent  agree- 
ment, to  u large  extent  depends  on  the  soil  parameters  inserted  in  the 
theoretical  equations.  It  may  be  nolcd  iliat  the  theory  by  Mason  and 
Associates  also  can  yield  diagrams  of  the  some  form  au  those  shown  in 
Figure  28.  A later  report  by  United  Research  Ucrvices,  prepared  by 
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NOTE;  DASHED  CURVES,  a' and  6'  REPLACE  CURVES  A AND  B 
FOR  LIMITED  AND  SMALL  DIFFERENTIAL  MOVEMENTS 
6 OR  CORRESPONDING  MOVEMENTS  OF  A TRAP  DOOR. 


FIGURE  30A.  LIMITING  STRESS  CHANGE  VERSUS  SOIL  COVER. 
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FIGURE  30ft.  CHANGE  RATIO  VERSUS  DEPTH  AND  DIFFERENTIAL 
DEFORMATION  RATIOS. 
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* comparison  OF  F.XPERimCNTAL  data  ev  Mc-NULTY  and  THEORY  BY  mason 
ANO  ASSOCIATES  -PASSIVE  PRESSURES. 


6.  COMPARISON  OF  EXPERIMENTAL  DAT*  BY  McNULTY  AND  THEORY  BY 
MASON  AND  ASSOCIATES -PASSIVE  PRESSURES. 

figure  3?.  Comparison  of  Theoretics!  «nd  Exper1r«er>tal  Trapdoor 
Passive  Pressures 
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Walter-Kriebel-Kaplan  (1971)  but  not  Mason,  describes  the  design  and 
evaluation  of  the  URS  free  field  stress  gauge,  shown  in  Figure  11  of 
this  report.  A similar  pressure  cell  was  developed  and  used  by 
Askegaard  (19&3),  Figure  35b.  The  1971  URS  report  presents  the  follow- 
ing simplification  of  Equation  77a 


(79) 


which  may  be  used  for  small  differential  deformations,  6=6-6  , 

6 6 C 

but  it  yields  diagrams  of  greater  curvature  and  departure  from  linear 

relations  than  Equation  77a.  The  simplified  Equation  79  indicates  that 

the  error  or  overstress  is  a function  of  the  square  root  of  (B/R)  , 

whereas  the  original  simplfied  theory  shows  that  (o  /o  ) is  a linear 

G s 

function  of  (B/R)  , and  this  result  was  also  found  in  many  experiments 
by  Pcattie  and  Sparrow  (195^)  with  both  sands  ana  clays.  Figure  27b. 
Furthermore,  a rigorous  mathematical  analysis  of  the  stresses  at  and  in 
a rigid  ellipsoidal  inclusion  in  an  elastic  matrix  yields  a nearly  linear 
relation  between  stresses  in  the  matrix  and  in  the  inclusion.  Fig- 
ure 35c,  Askegaard  (1963).  The  1971  URS  report  presents  results  of  tests 
with  the  Mason-URS  stress  gage  in  reconstituted  and  consolidated  clays, 
and  the  agreement  between  the  test  results  and  the  theory  is  gener- 
ally satisfactory.  However,  the  test  data  and  Equations  77-79  do  not 
agree  well  with  published  experiments  by  Peattie  and  Sparrow  (I95M, 

WES  (this  report),  and  others,  especially  when  considering  that  the 
experiments  were  performed  with  stress  gages  having  a much  greater 
thickness-diameter  ratio  than  the  Mason-URS  gage.  The  1971  URS  report 
will  not  be  reviewed  in  greater  detail,  because  it  was  published  after 
the  official  cutoff  date  for  publications  to  be  considered  in  this 
report,  and  because  of  the  above  mentioned  areas  of  disagreement,  which 
will  require  considerable  clarification  of  the  test  data  to  permit  a 
reliable  comparison.  However,  the  URS-Mason  theory  is  an  improvement 
01'  several  other  proposed  and  approximate  solutions  of  the  problem.  It 

should  be  noted  that  the  registration  ratio,  a /a  , is  not  determined 

c s 
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by  indentations  and  the  Boussinesq  equations  but  by  progressive  solution 
of  the  equations  by  Mason  and  associates,  summarized  in  this  section. 
Special  problems  at  rigid  boundaries 

79*  Objectives  and  definitions.  The  action  of  pressure  cells 
built  into  a rigid  wall  or  slab  has  been  analyzed  by  several  investiga- 
tors, using  the  indentation  analogy,  the  trapdoor  analogy,  finite  annu- 
lar elements,  or  more  rigorous  mathematical  methods.  The  principal 
papers  or  methods  are  summarized  in  the  following  paragraphs.  Compari- 
sons are  in  some  cases  facilitated  by  expressing  the  Boussinesq  inden- 
tation equation  for  a flat  and  rigid  punch 


6 = 
e 


(9  bis) 


in  terms  of  the  total  differential  load  on  the  cell 


P 

e 


which  yields 


and  inversely 


( 00a ) 


(80b) 


where  6^  is  uniform  for  the  entire  area  of  a rigid  punch.  These  equa- 
tions apply  to  the  free  surface  of  a semi-infinite  elastic  body.  Correc- 
tion factors  must  be  added  when  the  equations  are  used  for  the  indenta- 
tion of  an  elastic  boundary  within  a compressible  matrix. 

80.  Swedish  pressure  cell.  Kallstenius  and  Bergau  (1956)  report 
on  the  development  of  a soil  pressure  cell  for  use  in  rigid  walls.  Fig- 

1 

ure  33.  The  face  of  the  cell  is  fully  active  and  rather  heavy  so  that  i 
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FROM  KALLSTENIUS  AND  BERFAU  (1956) 


Figure  33.  kallstenius-bergau  soil  pressure  cell 
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it  will  not  be  damaged  by  coarse  backfill.  The  interior  of  the  cell  is 
filled  with  oil,  and  its  pressure  is  measured  by  an  outside  manometer, 
which  is  a part  of  a closed  hydraulic  system.  The  amount  of  oil  in  the 
system,  and  the  influence  of  temperature  changes,  is  reduced  by  annular 
plate  inserts.  The  faces  of  the  cell  move  in  proportion  to  the  pressure 
changes  and  the  flow  of  oil  to  the  manometer.  The  measured  pressures 
and  deflections  were  compared  to  those  corresponding  to  the  Boussir.esq 
indentation  equations  (7  and  80),  which  indicated  that  it  was  necessary 
to  use  a correction  factor  of  1.7  or  a soil  modulus  of  1.7  times  Mc  , 
and  even  then  some  underregistration  was  encountered.  Deviations  were 
attributed  to  the  influence  of  several  factors,  primarily  the  boundary 
conditions  and  the  small  size  of  the  test  bin.  It  should  be  noted  that 
calibration  factor  for  soil  will  not  be  the  same  as  for  water  or  air, 
since  the  latter  may  enter  the  peripheral  slots  in  the  cell. 

6l.  Spherical  surface  cavity.  Wal£n  (19^2)  has  developed  theoret- 
ical expressions  for  stresses  in  a compressible  elastic  material  which 
is  forced  into  a spherical  suri'ace  depression  or  cavity  in  a more  rigid 
material.  The  original  paper  by  Wal£n  was  not  available  to  the  writer, 
and  '-.he  following  comments  are  based  on  quotations  and  references  in 
other  papers.  According  to  Askegaard  (1959),  Wal6n  found  that  the  pres- 
sure on  the  walls  of  a shallow  spherical  surface  cavity  are  those  shown 
in  Figure  3^a,  or 


■n  O p 

p = ~ D"o  -t«D  — ( 8l ) 

e 4 s o m ^ 

Kallstenius  and  Bergau  (1956)  state  that  Wal£n  also  found  t’.at  contact 
between  the  bottom  of  the  cavity  and  the  compressible  elastic  material 
is  discontinued  when 
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(82) 


Cessation  of  contact  at  the  bottom  does  not  necessarily  indicate  that 


111; 


A.  SPHERICAL  RECESS,  WALEN  B.  OPEN  HOLE- SMOOTH 

194-2,  ASKE6A  ARP  1959.  INTERFACE  .GRAVESEN 

t939-&. 


C.  HOLE  AND  PISTON,  GRAVE5EN-  D.  HOLE  AND  DlAGrtRAM, 

ASKtGAARD.  >959-  ASKEGAARP.lQfcl. 

NOTE:  COEFFICIENT  IN  ALL  EQUATIONS  ARE  AVERAGE  FOR  SMALL 

deflections, 

FIGURE SA.  SOIL  OEFORMATIQN  AND  PRE3BURE  CONDITIONS  AT  RI6ID  WALLS. 
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Pg  in  Equation  8l  is  zero.  In  these  equations  6^  is  the  maximum  depth 
of  the  cavity.  The  equations  could  also  he  rewritten  in  terms  of  the 
average  depth  for  comparison  with  the  Boussinesq  indentation  equation, 
but  it  is  also  stated  by  Askegaard  (1959),  that  the  Boussinesq  equations 
are  not  valid  at  a rigid  boundary. 

82.  Hole  in  rigid  wall.  Graves en  (1959-B)  has  developed  equa- 
tions for  stresses  and  deformations  in  an  elastic  material  bounded  by  a 
rigid  wall  with  a circular  hole.  Actually,  the  problem  was  converted 
into  the  inverse  problem  of  stresses  and  deformations  in  the  elastic 
material  loaded  in  succession  with  a single  force,  a circular  line  load, 
and  finally  a uniform  load  on  a circular  area  with  a diameter  equal  to 
that  of  the  hole.  With  a smooth  rigid  wall  or  an  interface  which  does 
not  exert  any  restrictions  on  lateral  movements,  Gravesen  found  that 
the  maximum  deflection  of  the  elastic  material  into  the  hole.  Fig- 
ure 34b,  may  be  expressed  by 
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o u 
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(83) 


On  the  other  hand,  when  the  rigid  wall  is  rough,  and  lateral  movement  of 
the  elastic  material  is  completely  restricted,  the  maximum  deformation 
in  the  center  of  the  hole  is  reduced  to 


. . °sD  (1  + v)(3  - 4v)  , 

°m  “ rn '2T~v) votf' 

s 

The  difference  between  deflections  for  the  two  conditions  depends  on  the 
Poisson  ratio.  The  difference  attains  a maximum  of  25  percent  for 
v = 0 and  it  decreases  with  increasing  values  of  v to  zero  for 
v = 0.5  • It  is  emphasized  that  these  deformations  apply  to  an  elastic 
material,  and  it  is  tacitly  assumed  that  and  D are  smaller  than 

those  which  would  cause  plastic  deformations.  The  above  mentioned  data 
were  later  used  in  determination  of  the  forces  on  a piston  in  the  hole 
or  on  a pressure  cell  with  a fully  active  face  plate. 
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ti3.  Hole  vith  piston  in  rigid,  vail.  When  a hole  in  a rigid  wall 
is  provided  vith  a piston  and  a spring,  as  shown  in  Figure  3**c,  the  con- 
ditions correspond  to  those  of  a pressure  cell  with  a fully  active  face 
plate.  A theoretical  solution  of  this  problem  has  been  developed  by 
Gravesen  (1959)*  who  uses  his  theory  concerning  a hole  in  a rigid  wall, 
discussed  in  the  foregoing  paragraph,  in  combination  with  loads, 
stresses,  and  deflections  of  annular  segments.  The  results  are  pre- 
sented in  the  form  of  tables  and  a few  closed  equations.  Askegaard 
(1959.  1961)  discusses  applications  of  these  theories  and  verified  them 
experimentally,  using  an  artifical  material,  "araldite,"  which  obeys 
Hooke's  law  even  at  relatively  large  strains.  As  the  piston  is  pushed 
into  the  hole,  the  area  of  contact  between  the  piston  and  the  outside 
elastic  material  decreases,  and  the  relation  between  the  total  pressure 
on  the  piston,  P&  , and  the  deflection,  , is  curved  and  not  linear 
as  in  cases  represented  by  the  Doussinesq  and  Wal4n  indentation  equa- 
tions. IIov,  iver , the  decrease  of  the  area  of  contact  is  nearly  negligible 
and  nhe  relation  between  P£  and  is  practically  linear  for  very 

small  deformations  such  as  those  occurring  in  a pressure  cell.  For  such 
small  deformations  Pg  may  be  determined  approximately  by , quoting 
Askegaard  (1959),  and  assuming  that  there  is  no  friction  between  the 
compressible  material  and  the  rigid  wall, 
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According  to  Equations  6 and  10,  the  corresponding  values 
are 


N and  K 
s s 
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(87) 


a D , M 

N = = 3.05  £ 
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and. 
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That  is,  the  values  of  P , N , K , and  the  cell  error  or  under- 
registration  are  3.05  times  as  large  as  those  obtained  by  the  simplified 
theory  for  a cell  in  a free  field.  The  theory  and  numerical  values  of 
the  coefficients  vere  verified  in  small-scale  tests  on  elastic  materials 
by  Askegaard.  The  calibration  factors  for  changes  in  air  and  water  pres- 
sures may  or  may  not  be  the  same  as  those  for  changes  in  soil  pressures, 
depending  on  the  design  of  the  pressure  cell. 

04.  Hole  with  diaphragm  in  rigid  wall.  Askegaard  (1961)  has  also 
investigated  stresses  and  deformations  at  a hole  covered  by  a fixed  but 
flexible  diaphragm.  Figure  3**d.  The  problem  is  solved  by  means  of 
finite  annular  elements  and  the  requirement  that  the  deflections  of  the 
diaphragm  should  be  equal  to  the  deformations  of  the  soil  for  the  same 
annular  loading  conditions.  The  approximate  solution  of  the  problem 
may  he  expressed  hy  the  following  equation,  for  the  average  incremental 
force  is  Askegaard  (1961),  page  12, 
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(89a) 


where  6^  is  the  maximum  deflection  in  the  center  the  diaphragm. 

Substituting  6 with  the  average  deflection,  6 , yields  the  equation 

in,  & 

DM 

Pe=6a-^T1.12  (89b) 

1 - V 


which  is  about  one-third  of  the  force  on  \ piston.  Figure  3^+c. 
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Equation  89  yields  values  of  P which  are  slightly  larger  than  cnose 

e 

obtained  by  the  Boussinesq  equations  for  a pressure  cell  in  a free  field 
and  a fully  active  face  plate.  The  arrangement  in  Figure  3**d  may  serve 
as  a pressure  cell  at  a rigid  boundary  when  the  cavity  below  the  dia- 
phragm is  filled  with  a liquid  which  acts  on  an  smaller  measuring  dia- 
phragm in  the  bottom  of  the  cavity. 

85.  A pressure  cell  in  a free  field  with  an  inactive  rim  and 
exposed  diaphragms  presents  a problem  similar  to  that  for  a hole  with 
a flexible  diaphragm,  but  the  stress  increase  caused  by  the  inclusion 
effect  of  the  entire  cell  must  also  be  considered.  Tory  and  Sparrow 
(1967)  have  solved  these  problems,  using  the  methods  by  Askegaard  and 
matrix  inversion.  It  was  found  that  the  cell  error  can  be  expressed  as 
a function  of  the 

3 

M • dJ 

Flexibility  Ratio  = — (90) 

E • D-3 
c 

where  E^  is  Young3  modulus  for  the  cell  material,  d is  the  diameter 
of  the  diaphragm,  D diameter  of  the  cell,  and  the  other  parameters 
are  defined  in  Figure  37.  Simplified  final  equations  similar  to  Equa- 
tion 89  are  not  presented,  but  the  simultaneous  equations  are  arranged 
for  computer  solution,  .1  diagrammatic  solution  for  a specific  case  is 
shown  in  Figure  37;  it  is  seen  that  the  cell  error  decreases  with  the 
overall  thickness-diameter  ratio  of  the  cell  and  with  increasing  flexi- 
bility ratio.  It  is  assumed  that  Poisson’s  ratio  is  0.5  for  the  soil 
ana  0.33  for  the  cell  material.  Several  minor  assumptions  and  simpli- 
fications have  been  made  in  obtaining  these  solutions,  the  results  in 
Figure  3^b  are  only  approximately  correct. 

Ellipsoidal  inclusion 
in  a free  stress  field 

86.  Initial  investigations.  The  theories  discussed  in  the  fore- 
going paragraphs  deal  primarily  with  stresses  and  deformations  normui  to 
the  face  of  a pressure  cell;  the  effect  of  lateral  forces  and  the 
Poisson  ratio  is  only  partially  considered.  A rigorous  solution  with 
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full  consideration  of  all  stresses  and  strains  is  very  difficult  to 
obtain  by  conventional  mathematical  methods.  However,  Eshelby  (1957) 
found  that  simplifying  conditions  exist  for  an  axi symmetrical  ellipsoidal 
inclusion  in  a uniform  matrix,  and  that  the  strains  in  such  a body  are 
uniform  and  can  be  expressed  by  elliptical  integrals.  On  basis  of  the 
Eshelby  equations,  Askegaard  (1963)  obtained  equations  for  stresses  in  a 
rigid  elliptical  inclusion  and  also  for  the  pressure  in  a liquid-filled 
ellipsoidal  cavity,  as  summarized  in  the  following  paragraphs  and  fig- 
ures. In  general,  it  is  assumed  that  the  inclusion  is  infinitely  rigid, 
and  that  the  materials  in  the  surrounding  matrix,  or  soil,  are  isotropic 
and  fully  elastic.  It  is  also  assumed  that  both  normal  and  tangential 
forces  can  be  transferred  between  the  inclusion  and  the  matrix  without 
slippage.  Stresses  in  the  matrix  are  designated  by  a ^ , o^&  , o^a 

and  those  in  the  inclusion  by  o^c  , o , o_c  , whereas  stresses 
caused  by  a uniaxial  stress  change  will  be  indicated  by  the  superscript 
''A"  and  those  caused  by  a triaxial  or  hydrostatic  stress  change  are 
designated  by  the  superscript  "T." 

87,  Rigid  el] ipsoldal  inclusion.  The  solutions  obtained  by 
ABkegaard  (1963)  for  stresses  in  a rigid  ellipsoidal  inclusion  are  pre- 
sented in  the  form  of  short  equations  in  tensor  notation  and  also  as 
much  longer  aeries  of  equations  in  conventional  mathematical  notation. 

A graphical  summary  of  the  results  are  shown  in  Figure  35  which  are 
supplemented  by  tables  in  the  text.  The  stresses  caused  by  a uniaxial 
stress  change  in  the  matrix  are  shown  in  Figure  35a,  where  the  stress 
ratio  (/  /aA  ) is  plotted  as  a function  of  the  Poisson  ratio,  v . 

ZC  Z Cl 

In  contrast  to  data  obtained  by  the  simplified  theory,  the  influence  of 
v is  small  but  not  negligible;  it  is  a maximum  for  medium  values  of  the 
ratio  and  attain  minima  for  v * 0 and  v = 0.5  . 

88.  The  stresses  caused  by  a triaxial  or  hydrostatic  stress  change 

in  relation  to  those  caused  by  a uniaxial  stress  change  are  shown  in 

Figure  35b  as  a function  of  the-  Poisson  ratio,  v , and  the  thickness- 

T A 

diameter  ratio,  h/D  . The  ratio  (o  /or  ) also  indicates  the  in- 
fluence  of  lateral,  stresses.  Figure  35b  shows  that  axial  stresses  in 
the  inclusion,  may  be  increased  by  an  increase  of  the  lateral  stresses  in 
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matrix  when  the  thickness-diameter  ratio  of  the  inclusion  is  small,  but 
such  an  increase  in  .axial  stresses  in  the  inclusion  may  change  to  a de- 
crease for  larger  values  of  h/D  combined  with  large  values  of  v . 
Therefore,  generalization  of  the  results  of  a numerical  analysis  of  a 
specific  problem,  or  given  values  of  h/D  and  v may  be  misleading, 
as  will  be  shown  in  later  paragraphs. 

89.  The  simplified  analysis  of  soil-cell  interaction.  Equations  19 
and  20,  as  well  as  initial  experiments  by  Peatie  and  Sparrow  (195*0, 
Figure  2Tb,  show  that  errors  in  pressure  cell  indications  are  nearly 
linearly  proportional  to  the  height-diameter  ratio  of  the  cell,  h/D  . 
These  relations  can  also  be  deduced  from  the  figures  and  tables  in  the 
paper  by  Askegaard  (1963),  which  are  shown  in  Figure  35c  for  minimum, 
medium,  and  maximum  values  of  v . This  figure  verifies  the  results  of 
the  simplified  analysis  and  of  experiments  by  Peattie  and  Sparrow,  but 

it  disagrees  with  theoretical  data  by  Mason  and  Associates,  Equation  79, 
which  indicate  that  the  error  in  cell  registrations  is  proportional  to 
the  square  root  of  h/D  . 

90.  Liquid-filled  ellipsoidal  cavity.  Askegaard  (1963)  also  in- 
vestigated the  changes  of  pressures  in  a liquid  filling  an  ellipsoidal 
cavity  in  a uniform  elastic  matrix.  Both  uniaxial  and  triaxial  stress 
changes  in  the  matrix  are  considered.  The  pressure  in  the  liquid,  p , 
was  found  to  he  a function  of  the  stress  change  in  the  matrix,  the  rela- 
tive compressibilities  of  matrix  and  liquid,  the  height-diameter  ratio 
of  the  cavity,  and  the  Poisson  ratio  for  the  matrix.  The  pressure  in 
the  liquid  approaches  the  axial  stress  change  in  the  matrix  with  de- 
creasing height-diameter  ratio  of  the  cavity.  Some  of  the  principal 
relations  are  summarized  in  Figure  36,  which  also  shows  that  the  pres- 
sures in  the  liquid  are  much  less  sensitive  to  changes  in  lateral 
stresses  in  the  matrix  than  are  the  stresses  in  a rigid  inclusion.  Fig- 
ure 35!>-  This  insensitivity  to  changes  in  lateral  stresses  would  be  of 
great  advantage  in  stress  measurements,  but  it  is  difficult  to  produce 
suitable  cavities  in  undisturbed  soil.  However,  several  types  of  cells 
for  measuring  soil  stresses  are  based  on  measuring  pressure  changes  in 

a liquid  filling  a very  shallow  cavity  in  the  cell. 
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FROM  ASKESAARD  1963 


FIGURE  36.  STRESSES  IN  FLUID  FILLED 
ellipsoidal  cavity. 


91.  Experimental  data.  Stress  relations  discussed  in  the  fore- 
going paragraphs  a:.d  shown  in  Figures  35  and  36,  represent  theoretical 
data.  Askegaard  attempted  to  obtain  verification  of  the  theories  by 
small-scale  laboratory  experiments.  He  used  a 20-  by  20-  by  20-cm  cube 
of  an  elastic  plastic,  araldite,  as  the  matrix  and  the  type  of  pressure 
cell  outlined  in  Figure  35b  for  the  stress  measurements.  The  results 
verified  the  general  form  and  trend  of  xhe  theoretical  relations,  but 
there  were  minor  numerical  differences  in  individual  tests.  These  devia- 
tions are  probably  caused  by  representing  a semi -infinite  matrix  by  a 
small  cube,  and  by  using  a thin  cylindrical  disk  instead  of  an  ellipsoi- 
dal inclusion.  It  should  be  noted  that  the  theories  by  Askegaard  are 
based  on  free  field  stress  conditions. 

Finite  element  method  of  analysis 

92.  Introductory  comments  on  method.  Investigations  of  soil-cell 
interaction  discussed  in  the  foregoing  paragraphs  were  in  some  cases 
based  on  extensive  simplifications  of  the  problem,  and  in  other  cases 
solutions  were  obtained  by  use  of  annular  elements.  The  latter  are  in 
fact  a type  of  finite  element  analysis,  but  solution  of  corresponding 
simultaneous  equations  were  obtained  by  progressive  approximations  or 
iteration  but  without  modern  electronic  computers.  The  finite  element 
method  combined  with  a computer  provides  a very  versatile  tool  for  in- 
vestigating soil-cell  interaction  for  most  shapes  and  properties  of  the 
pressure  cell  or  inclusion,  stress  conditions  and  soil  properties,  and 
it  can  be  applied  for  both  linear  and  nonlinear  stress-strain  conditions 
and  also  to  pressure  cells  with  an  inactive  rim.  However,  in  most  cases 
the  method  yields  only  a numerical  solution  for  specific  values  of  the 
independent  variables  and  not  a general  solution  of  the  problem.  Intro- 
duction of  the  finite  method  of  analysis  by  Bates  (1969)  is  most  com- 
mendable, although  initial  investigations  yielded  the  expected  result 
that  changes  in  radial  stresses  also  caused  material  changes  in  axial 
stresses  and  in  stress  indications  by  the  pressure  cell.  This  result 
agrees  with  the  findings  by  Askegaard  (1959),  since  a height-diameter 
ratio  of  1/6  and  a Poisson  ratio  v = 0.3  , used  by  Bates,  indicates 

an  increase  of  axial  stresses  for  an  increase  of  radial  stresses, 
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Figure  35b.  However,  this  figure  also  shows  that  an  increase  in  radial 
stresses  nay  cause  a decrease  of  axial  stresses  when  the  height-diameter 
ratio,  h/B  , and  the  Poisson  ratio,  v , are  large.  Bates  found  that 
the  influence  of  the  radial  stresses  on  the  axial  stresses  could  be  de- 
creased materially  oy  tapering  the  outer  rim  of  the  cell,  or  giving  it 
a lenticular  form.  The  re^  It  is  shown  in  Figure  12  and  is  called  the 
SMRL  pressure  cell  since  it  was  designed  in  the  Spokane  Mining  Research 
Laboratory  (SMRL).  It  was  also  found  that  the  sensitivity  to  radial 
stresses  in  one  direction  can  be  decreased  by  arranging  the  strain  gages 
of  the  diaphragm  linearly  in  a perpendicular  direction.  So  far,  the 
SMRL  pressure  cells  have  been  built  with  two  maximum  capacities,  1000  psi 
for  use  in  tunnels  and  100  psi  for  shallow  soil  applications.  In  the 
following  review  it  is  assumed  that  the  cells  are  used  under  free  field 
stress  condition. 

93.  Analysis  of  the  SMRL  soil  pressure  cell.  The  principles  of 
the  finite  element  method  of  analysis  are  assumed  to  be  known  and  are 
not  described  in  the  paper  by  Bates  or  in  this  report.  The  initial  and 
principal  analysis  by  Bates  utilizes  a conventional  triangular  grid. 
Figure  38a.  It  appears,  but  not  stat'd  directly,  that  the  analysis  is 
two-dimensional  in  character  and  ai .lies  to  a section  through  the  center 
of  the  cell.  A limited  analysis  was  also  made  with  an  axi symmetrical , 
quadrilateral  grid.  Figure  38a,  but  computer  programs  for  such  elements 
were  not  fully  developed  at  that  time.  The  data  obtained  by  the  conven- 
tional analysis  were  used  to  construct  equal  stress  contours  as  shown 
in  Figures  39  and  U0  for  axial  and  radial  stress  changes  in  the  matrix. 
The  stresses  acting  on  the  surface  of  the  diaphragm  can  be  determined 
from  these  contours.  The  ratio  between  the  average  stress  on  the  sur- 
face of  the  diaphragm,  o , and  the  field  stress,  , represents  the 

overstress  or  inclusion  effect,  and  it  is  shown  in  Figure  Ul  as  a func- 
tion of  the  modulus  of  the  matrix.  For  this  cell  an<?  the  moduli  assumed 
for  soil  and  steel,  the  inclusion  effect  is  9.5  percent  for  axial  loads, 
and  it  increases  to  5*+  percent  for  radial  loads.  These  results  indicate 
that  the  overregistration  of  a soil  stress  cell  depends  not  only  on  the 
dimension  of  the  cell  and  on  the  deformations  of  soil  and  cell  but  also 
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B.  VARIATION  OF  NORMAL  STRESS  ON  CELL  FACE 

FIGURE  371  STRESSES  ON  CELL  WITH  INACTIVE  RIM  AND 
EXPOSED  DIAPHRAGMS, 


A.  TRIANGULAR  rINAL  ELEMENT  GRID 


Froa  Bates  (19691 


FIGURE  3G  GRIDS  FOR  FINITE  ELEMENT  ANALYSIS  OF  THE  SMRL  SOIL 
PRESSURE  CELL 
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on  the  ratio  of  axial  to  radial  stress  changes  in  the  soil  or  matrix.  It 
would  be  desirable  to  find  a shape  of  the  cell  which  would  yield  the  same 
registration  ratio  or  have  the  same  calibration  factor  for  horizontal 
and  vertical  positions  for  the  cell. 

9^.  Calibration  and  correction  factors.  The  SMRL  cells  were 
calibrated  for  uniform  axial  loads  in  equipment  similar  to  that  used  by 
the  WES;  Figure  5-  The  results  of  such  a calibration  must  be  modified 
by  a correction  factor  which  is  a function  of  the  various  independent 
variables  including  the  ratio  of  axial  to  lateral  stresses.  The  cells 
were  also  tested  in  a relatively  small  test  bin  with  sand.  The  bin  had 
a rectangular  cross  section,  20  by  22  in.,  and  was  30  in.  high.  Inge- 
nious auxiliary  equipment  and  procedures  were  developed  for  taking  the 
influence  of  the  sidewall  friction  into  consideration,  and  the  results 
obtained  agree  fairly  well  with  the  theory.  Finally,  Bates  developed 
a diagram  for  the  correction  factor  to  be  applied  to  the  experimental 
calibration  factor.  Figure  k2.  This  diagram  applies  only  to  the  cali- 
brated cell,  to  a soil  with  a Poisson  ratio  of  0.3,  and  to  free  field 
placement  of  the  cell.  The  correction  factor  is  presented  as  a function 
of  the  ratio  of  measured  lateral  and  normal  stresses  on  the  cell,  vhich 
represents  a combination  of  several  variables,  and  its  reliability  may 
possibly  be  subject  to  some  limitations. 

95.  Advantages  and  limitations  of  a finite  eJ.ement  analysis.  One 
of  the  principal  advantages  of  the  finite  element  method  of  analysis  is 
that,  it  generally  can  be  applied  successfully  when  other  currently  avail- 
able methods  of  analysis  are  too  simplified  to  yield  a sufficiently  ac- 
curate, closed  mathematical  expression  for  the  reliability  or  error  in 
measurement  of  soil  stresses.  The  finite  element  method  can  be  used 
irrespective  of  stress  conditions  and  stress  history,  for  meat  designs 
of  a cell  or  inclusion,  for  most  properties  of  cell  and  soil,  and  for 
either  no  slippage  or  no  friction  or  adhesion  between  cell  and  soil.  It 
can  be  used  to  estimate  the  soil-cell  interaction  for  a pressure  cell 
with  an  inactive  rim  and  an  exposed  measuring  diaphragm,  a problem  which 
is  very  difficult  to  solve  by  means  of  other  currently  available  methods. 
The  principal  limitation  of  the  finite  element  method  is  that  it  yields 
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FIGURE.  42.  CORRECTION  FACT0R3  FOR  CALIBRATION  OF  THE 

SMRL  soil  pressure  gage. 


only  a numerical  solution  fo  a specific  set  of  values  of  the  independent 
variables.  Generalizations  cannot  safely  be  made  from  a single  solution 
unless  the  influence  of  changes  of  the  other  variables  is  considered. 

The  basic  equations  for  deformations  of  individuel  elements  are  generally 
developed  on  the  assumption  that  the  materials  are  elastic  and/or  plas- 
tic; both  linear  and  nonlinear  stress-strain  curves  can  be  considered, 
but  satisfactory  methods  for  treating  stress-strain  diagrams  which  ex- 
hibit a peak  strength  followed  by  a decrease  in  strength  under  continu- 
ing deformation  have  not  yet  been  developed.  Furthermore,  some  soils 
are  expansive,  such  as  dense  sands  and  strongly  overconsolidated  clays, 
and  undergo  a volume  decrease  by  an  increase  in  strese,  which  may  yield 
an  apparent  value  of  the  Poisson  ratio  greater  than  0.5.  Other  soils, 
underconsolidated  or  only  slightly  overconsolidated  may  be  subject  to  a 
volume  decrease  by  an  increase  in  pure  shear  stresses.  These  special 
manifestations  of  some  soils  require  a revision  of  the  constituent  equa- 
tions for  their  behavior  when  subjected  to  stress  changes,  and  thi3  ap- 
plies not  only  to  the  finite  element  methods  but  to  all  other  methods 
for  analyzing  stresses  and  strains  in  soils. 
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PART  III:  TRIAXXAL  TESTS  WITH  SOIL  PRESSURE 

CELLS  AT  WES  IN  195^-55 


Background  Data 


Purposes  of  the  WES  tests 

96.  Initial  tests  with  the  WES  soil  pressure  cells,  described  in 
the  report  of  19M * were  performed  with  the  pressure  cells  buried  in  sand 
in  a fairly  rigid  and  shallow  container.  The  sand  vt.s  subjected  to 
known  axial  surface  pressures,  but  the  lateral  or  confining  pressures 
could  not  be  varied  independently  of  the  axial  pressure  and  could  not 

be  determined  accurately.  Furthermore,  sidewall  friction  caused  the 
axial  pressure  in  the  sand  to  decrease  with  increasing  depth.  It  vas 
desired  to  perform  tests  on  pressure  cells  in  a triaxial  device  in  which 
axial  and  lateral  stresses  could  be  varied  independently  of  each  other 
and  where  sidewall  friction  is  eliminated.'  However,  it  was  also  known 
that  the  stress  distribution  in  a triaxial  test  specimen  might  be  nonuni- 
form because  of  the  influence  of  rough  and  rigid  end  plates.  Therefore, 
the  principal  objectives  of  the  triaxial  teste  with  soil  pressure  cells 
were: 

a.  To  determine  experimentally  the  existence  and  magnitude 
of  nonunifomities  of  stress  distribution  within  a large 
triaxial  test  specimen  having  the  commonly  used  height- 
diameter  ratio  of  2:1. 

b_.  To  verify  or  correct  the  standard  calibration  of  the  pres- 
sure cells  and  investigate  the  influence  of  lateral  soil 
stresses  or  the  orientation  of  a pressure  cell  with 
respect  to  the  principal  soil  stresses. 

A brief  description  of  the  equipment  used  in  the  above  mentioned  tests 

and  a summary  of  the  principal  results  obtained  are  presented  in  this 

report . 

Early  triaxial  calibration  tests 

97.  Plantema  (1953)  developed  a short  triaxial  apparatus  for 
calibration  of  large  soil  pressure  cells.  Figure  1+3.  The  pressure  cell 
is  placed  in  the  center  of  the  triaxial  test  specimen  of  sand,  which  has 
a diameter  of  95  cm  and  a height  of  62  cm,  whereas  the  pressure  cell  had 
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I FIGURE  43.  TRIAXIAU  CALIBRATION  TEST 3 BY 

| PLANTEMA,  I&53. 
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b.  SOIL  PRESSURE  CELL  bY  PLANTEMA 


axial  load  in  kg/cm2 


C- EXAMPLES  OP  CALIBRATION  DIAGRAMS 
FIGURE  43  (f-oNT)NUBQ) 


138 


a diameter  of  25  cm.  Both  the  top  and  bottom  end  plates  in  the  triaxial 
apparatus  are  provided  with  rubber-water  cushions,  which  contribute  to  a 
more  uniform  distribution  of  the  axial  load.  However,  the  restraining 
steel  rims  will  cause  some  stress  concentration  along  the  cylindrical 
edge  of  the  test  specimen,  and  the  influence  of  this  stress  concentration 
may  extend  to  the  nidheight  plane  because  of  the  small  height-diameter 
ratio,  but  data  on  the  actual  stress  distribution  in  the  short  test 
specimen  are  not  available.  The  pressure  cells  were  also  designed  by 
Pl&ntema  (1953)  and  had  a face  of  a flexible  membrane,  fastened  to  a 
narrow  rim  and  underlain  by  a thin  layer  of  oil;  the  pressure  in  the  oil 
was  measured  by  means  of  a secondary  diaphragm  in  the  cell  body.  This 
cell  should  be  satisfactory  in  fairly  fine-grained  soils  and  uniform 
stress  conditions  but  it  is  probably  also  very  sensitive  to  stress  con- 
centrations in  gravelly  and  stony  soils.  The  pressure  cells  were 
oriented  to  measure  axial  stresses,  and  it  was  found  that  the  registra- 
tion ratio  increased  with  increasing  ratios  of  radial  to  axial  stress 
changes  in  the  sand,  which  agrees  in  principle  with  the  theoretical  in- 
vestigations by  Askegaard  (1963),  Bates  (1969). 

Memoranda  on  the  WES  triaxial  test?- 

98.  The  WES  triaxial  tests  on  WES  pressure  cells  were  performed 
with  a vacuum  type  triaxial  apparatus  and  a test  specimen  with  the  com- 
monly UBed  lengtn-diameter  ratio  of  2.0.  A brief  description  of  this 
apparatus  and  the  raw  test  cata  obtained  are  presented  in  memoranda  for 
the  WES  Stress  Distribution  Conferences  of  195^  and  1955.  Condensed 
descriptions  of  the  equipment  and  summaries  of  the  results  obtained  in 
the  1951*  tests  are  given  in  the  papers  by  Ahlvin  (1956)  and  by  Shockley 
and  Ahlvin  (i960).  For  convenience,  a brief  description  of  the  equip- 
ment and  testing  procedures  is  also  given  in  this  report  which  contains 
a discussion  of  the  test  data  obtained  in  both  195^  and  1955-  As  an 
introduction  to  tnis  discussion,  theoretical  solution  for  the  stress 
distribution  in  short  and  long  cylinders  with  restrained  ends  and  sub- 
jected to  both  uniaxial  a-'d  triaxial  stress  changes  is  presented  in  the 
following  two  paragraphs. 
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Theoretical  StreBB  Distribution  in  Cylinders  vitb  Restrained  Ends 


Uniaxial  compres- 
slon  of  short  cylinders 

99*  Until  about  50  years  ago,  compression  tests  on  metals,  wood, 
rock,  and  concrete  were  usually  performed  on  cubes  and  cylinders  with  a 
length-diameter  ratio  of  about  1.0,  and  it  was  realized  that  the 
restraint  caused  by  applying  the  compressive  axial  force  through  rough 
end  plates  created  nonuniform  stress  conditions  in  the  test  specimens. 
Filon  (1902)  developed  very  completed  solutions  for  the  stress  condi- 
tions in  a test  specimen  with  the  length-diameter  ratio  of  -n/3  = 1.05 
and  subjected  to  uniaxial  compression,  a . He  used  rigorous  mathemat- 

£L 

ical  methods  for  elastic  materials  and  assumed  that  the  end  restraint  is 
produced  by  fictitious  narrow  bands  or  radial  surface  forces  at  the  ends, 
which  were  determined  by  the  condition  that  the  radial  displacement  at 
the  circumferential  surface  should  be  zero  at  the  ends.  The  results 
obtained  for  vertical  or  axial  stresses,  o , on  the  end  and  midheight 
planes  are  shown  in  Figure  UU.  The  axial  stress  at  the  center  of  the 
ends  is  only  0.68  x q&  and  it  increases  to  1.68  x at  the  cylindrical 
surface.  The  opposite  variation  occurs  at  the  midheight  plane  where  the 
vertical  stress  at  the  center  is  1.13^  and  the  stress  at  the  surface  13 
0-89<ia.  Similar  results  for  the  axial  stress  were  obtained  by  Pickett 
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means  of  the  lattice  analogy  method.  Pickett  and  D'Appo Ionia  and  Newmark 
assume  a length-diameter  ratio  of  1.0  and  that  there  is  no  displacement 
of  any  point  on  the  end  surfaces.  These  three  investigations  yielded 
good  agreement  on  axial  stresses  but  there  are  significant  differences 
in  the  values  obtained  for  radial,  tangential,  and  shear  stresses. 

Triaxial  compres- 
gion  of  long  cylinders 

100.  Triaxial  tests  on  soils  are  commonly  performed  on  a cylin- 
drical test  specimen  with  a length- diameter  ratio  of  2.0  and  sxibjected 
to  varying  axial  and  radial  loads.  It  was  contemplated  to  use  a similar 
test  specimen  and  loading  conditions  in  the  tests  with  WES  pressure 
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cja ‘AXIAL  UNIT  LOAD  FROM  FtLON  (lS02) 


FIGURE  44.  THEORETICAL  AXIAL  STRESS  DISTRIBUTION  IN  RESTRAINED 
CYLINDER  BY  FI  LON. 
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SIDE  WALL  OF  CYLINDER 


cells.  Balia  (1961)  succeeded  in  determining  the  stresses  and  strains 
in  such  a cylinder,  using  the  theory  of  elasticity  and  a stress  func- 
tion. He  assumes  that  the  soil  is  elastic,  that  radial  shear  stresses 
vary  linearly  with  the  distance  from  the  center,  that  the  ends  of  the 
cylinder  remain  plane,  and  are  acted  upon  "by  radial  forces  corresponding 
to  the  friction.  In  the  numerical  examples  and  tables  it  is  further 
assumed  that  the  friction  is  large  enough  to  prevent  any  radial  displace- 
ment and  that  the  Poisson  ratio  is  equal  to  1/3.  The  results  obtained 
for  two  special  loading  conditions  are  shown  in  Figure  At  the  ends 

the  vertical  stresses  for  uniaxial  compression  are  smallest  in  the  cen- 
ter and  the  stress  distribution  resembles  that  obtained  by  Filon  for  a 
short  cylinder.  At  midheight  the  vertical  stresses  are  also  largest  in 


the  center,  but  the  numerical  values  of  a /q  at  the  center  of  mid- 

z a 


height  are  much  smaller  than  for  a short  cylinder.  These  stress  varia- 


tions are  reversed  for  uniform  triaxial  loading  or  qf  » q&  . At  the 


ends  the  stresses  attain  a maximum  at  the  center  but  reach  a minimum 


there  at  midheight.  Stress  variations  at  the  distance  of  O.U  H from 
midheight  are  also  shown  and  are  nearly  equal  to  those  at  midheight; 
this  is  of  interest  since  the  pressure  cells  in  the  1955  tests  were 
placed  at  a distance  of  9 in.  or  0.26  H above  and  below  the  midheight 
plane  and  9 in.  offset  from  the  centerline  of  the  tests  specimen.  Fig- 
ure 51  (page  153).  The  theory  of  elasticity  indicates  that  there  should 


not  be  any  radial  displacements  for  the  load  ratio 


a 0 ..  .. 

x y . v 1 „ 1 

— = — •*-  = = — for  v = — 
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These  stress  variations  with  a change  in  load  ratios  must  be  borne  in 


mind  when  interpreting  pressure  cell  indications  for  various  ratios  of 


the  radial  to  axial  unit  loads.  A solution  for  elastic  conditions  but 


without  special  assumptions  for  the  3hear  stresses  has  recently  been 
obtained  by  Brady  (19T1).  The  difference  between  the  solutions  by  Balia 
and  Brady  occurs  primarily  at  the  end  surfaces,  and  there  is  but  little 
difference  between  the  two  solutions  near  midheight  of  the  test  specimen. 
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AXIAL  STRESS- LOAD  RATIO,  Qz/q 


FIGURE.  45.  THEORETICAL  AXIAL  STRESS  DISTRIBUTION  IN 
RESTRAINED  CYLINDER.  BY  BALLA. 


A solution  for  materials  with  nonlinear  stress-strain  relations  has  been 
proposed  by  Girijavallabhan  and  Mehta  (1969).  Discussions  in  this 
report  are  based  on  the  analysis  by  Balia  (1961). 


Testing  Equipment  and  Procedures 


General  requirements 

101.  It  was  desired  to  test  groups  of  6-in.  WES  soil  pressure 
cells  and  in  separate  tests  individual  12-in*  cells  consisting  of  a 
6-in,  cell  plus  a 3-in.  wide  inactive  rim.  It  was  estimated  that  a test 
specimen  about  3 ft  in  diameter  and  6 ft  long  would  be  needed.  A pres- 
sure vessel  large  enough  to  accommodate  such  a test  specimen  was  not 
available,  and  the  tests  were  performed  in  the  open  using  vacuum  in  the 
test  specimen  to  produce  the  radial  or  confining  stresses,  although  the 
limitations  of  this  method  were  realized.  Tests  were  to  be  performed 
with  both  50-  and  100-psi  WES  pressure  cells. 

The  WES  large  triaxial  device 

102.  The  device  is  shown  in  the  photograph.  Figure  46,  and  a 
schematic  form  of  the  testing  arrangement  is  presented  in  Figure  47. 

The  test  specimen  has  a height  of  70  in.  and  a diameter  of  35.68  in. 
corresponding  to  a cross-sectional  area  of  1000  sq  in.  The  specimen  is 
confined  by  vulcanized  rubber  membrane  and  two  rigid  end  plates.  The 
upper  plate  is  a hollow  disk  of  internally  braced  welded  steel  plates. 
The  lower  plate  consists  of  porous  concrete  within  a shallow  steel  con- 
tainer with  an  outlet  for  cables  to  the  pressure  cells  and  a pipe  to 
the  vacuum  pump.  It  rests  on  a reinforced  concrete  base  plate.  Axial 
loads  are  applied  by  a hydraulic  Jack  through  a load  cell  to  a reaction 
truss,  which  had  been  used  for  other  loading  tests.  Supports  are 
provided  for  dials  measuring  axial  and  radial  deformations,  and  strain 
meters  were  placed  in  some  test  specimens.  The  vacuum  is  produced  by  a 
hand  operated  pump  and  is  measured  at  both  top  and  bottom  of  the  test 
specimen. 

Soil  used  in  tests 

103.  All  tests  were  performed  with  a processed  and  air  dry  mortar 
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From  Ahlvin  (1956) 

Figure  h6.  WtiS  Large  Triaxial  Compressicn  Device  - Vacuum  ‘£y pe 


1^5 


t 


ES  EQUIPMENT  FOR  LARGE  TR\ AXIAL  TESTS- VACUUM  TYPE 


sand,  used  in  other  tests  at  the  WES.  The  grain-size  distribution  curve 
for  this  rather  fine-grained  and  uniform  sand  is  shown  in  Figure  U8. 
Initial  tests  were  made  with  sand  in  both  loose  and  dense  consistencies, 
but  most  tests  in  1955  were  performed  with  a medium  dense  sand,  with 
initial  unit  weights  of  108  to  109  pcf  corresponding  to  a relative  den- 
sity of  80  to  85  percent.  The  modulus  of  deformation  varies  with  the 
confining  pressure  or  vacuum  and  with  the  loading  conditions.  The  rela- 
tions for  uniaxial  compression  or  constant  vacuum  in  each  individual 
test  are  shown  in  Figure  U9.  The  maximum  vacuum  applied  was  usually 
27  in.  of  mercury  or  13.26  psi.  There  is  a conspicuous  increase  in  the 
values  of  the  moduli  betveen  the  first  and  second  cycles  of  loading  and 
only  a minor  increase  with  additional  cycles.  Corresponding  moduli  for 
increasing  stresses  but  constant  stress  ratio,  o^/o^  » are  shown  in 
Figure  50.  The  dashed  lines  represent  observed  or  apparent  moduli  which 
apply  only  to  stress  conditions  with  the  same  stress  ratio  as  that  for 
which  the  modulus  was  determined.  To  obtain  the  actual  moduli  of  defor- 
mation, corrections  must  be  made  for  the  influence  of  the  Poisson  effect, 
as  shown  in  Figure  50  for  a Poisson  ratio  v = 1/3  . The  moduli  shown 
in  Figures  U9  and  50  are  average  moduli  for  the  first  part  of  each  load- 
ing cycle.  The  moduli  decrease  with  increasing  load  for  uniaxial  com- 
pression and  high  values  of  °j/°e  anc*  change  gradually  to  the  opposite 
trend  for  uniform  triaxial  compression,  a = 0 . 7116  Pealt  axial 

stress  was  determined  for  several  large  test  specimens  and  loading 
procedures,  which  yielded  an  average  angle  of  internal  friction  of  the 
mor'car  sand  of  0 = 39-5  deg.  Standard  laboratory  test  on  test 
specimens  with  a diameter  of  2.8  in.  yielded  approximately 
0 ~ 38.5  deg. 

Preparation  of  test  specimen 

10U.  A steel  forming  JacKet  of  three  bolted  segments  supports  the 
rubber  membrane  during  preparation  of  the  test  specimen.  The  sand  was 
poured  in  and  compacted  in  batches  of  200  to  1*00  lb,  corresponding  to 
lifts  of  2-1/2  in.  to  5 in. , or  relative  densities  of  80  to  85  percent. 
Compactlve  efforts  were  increased  ub  the  height  of  the  specimen  in- 
creased in  order  to  obtain  the  same  densities  in  the  lower  and  upper 
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DATA  FROM  19B5  TEST  SERIES,  TABLE  4 AND  •>,  THIS  REPORT 
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NOTE'.  DATA  FROM  1055  TEST  SERIES,  TABLES  4 AND  5 OF  THIS 
REPORT. 
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FIGURE.  50.  APPARENT  AND  ACTUAL  MODULI  FOR  MORTAR  SAND 
VERSUS  PRINCIPAL  STRESS  RATIOS. 
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parts  of  the  test  specimen.  Special  templets  were  used  to  hold  the  pres- 
sure cells  in  the  desired  position  until  sand  had  been  carefully  hand- 
tamped  around  them.  The  height  of  the  specimen  was  determined  after 
placement  of  the  top  plate.  The  registration  of  the  pressure  cells  were 
determined  before  and  after  their  placement  in  the  test  specimen.  A 
vacuum  was  applied  after  placement  of  the  top  plate  and  before  removal 
of  the  forming  Jacket.  Changes  in  height  of  the  test  specimen  and  in 
the  registration  of  the  cells  during  these  operations  were  observed. 

Large  changes  in  initial  deformations  and  pressures  usually  correspond 
to  large  differences  between  the  first  and  second  cycles  of  loading  and 
may  indicate  not  only  changes  in  the  modulus  but  also  unsatisfactory 
placement  of  the  pressure  cell  and  doubtful  reliability  of  the  cell  indi- 
cations, at  least  for  the  first  two  or  three  cycles  of  loading.  The 
sand  UBed  in  preparation  of  a test  specimen  was  weighed  and  the  corres- 
ponding average  initial  density  of  the  specimen  determined.  Densities 
after  completion  of  a test  were  determined  by  sampling  and  weighing  at 
various  levels  during  dismantling  of  the  te3t  specimen.  Different  test- 
ing procedures  were  used  in  the  various  test  series  and  are  described  in 
paragraphs  dealing  with  the  particular  test  series. 

Stress  Distribution  Tests  of  195** 


General  features 

105.  Dual  objectives.  The  objectives  of  the  1954  test  series 
were  two-fold,  i.e.  (a)  to  determine  the  3tress  distribution  in  a re- 
strained cylinder  with  axial  loading,  and  (b)  to  investigate  the  over- 
or  underregistration  of  the  pressure  cells.  The  two  objectives  are  in- 
terdependent, and  a solution  cannot  be  obtained  without  recourse  to 
assumptions  or  simplified  theoretical  relationships.  The  principal 
objective  of  the  1954  test  series  may  be  said  to  be  determination  of 
the  stress  distribution  by  temporary  neglect ion  of  the  over-  or  under- 
registration of  the  cells.  The  tests  also  yielded  some  information  on 
the  action  of  pressure  cells,  but  this  problem  was  investigated  in 
greater  detail  in  the  ly55  test  series.  The  tests  were  performed  vith 


151 


WES  pressure  cells  of  50  and  100  psi  rated  capacities.  The  correspond- 
ing average  moduli  of  deformation  of  the  cells  are  shown  in  Figure  6, 
and  the  modulus  of  the  50  psi  cells  is  slightly  belcw  and  that  of  the 
100  pai  cells  slightly  above  the  modulus  of  the  sand  in  the  triangular 
test  specimen.  Therefore,  the  test  yields  only  two  points  of  the  un- 
known curve  representing  the  relation  between  compressibilities  and 
registration  ratios. 

106.  Placement  of  the  cells.  All  cells  in  the  1951*  test  series 
were  arranged  in  horizontal  positions  for  measurement  of  axial,  stresses 
in  the  triaxial  test  specimen.  The  cells  were  placed  at  midheight  and 
base  of  the  test  specimen  as  shown  in  Figure  51a.  The  cells  at  the  base 
were  set  directly  on  top  of  the  base  plate,  and  the  cells  at  midheight 
were  inserted  in  a shallow  hole  carefully  excavated  in  a test  specimen. 
The  space  around  the  cells  was  carefully  backfilled  with  sand  and  hand- 
compacted  in  an  attempt  to  obtain  uniform  density.  A slight  seating 
pressure  was  applied  in  some  of  the  early  tests  and  a temporarily  in- 
creased all-round  pressure  or  vacuum  in  all  later  tests.  Such  a seating 
pressure  increases  the  uniformity  and  reliability  of  cell  indications, 
especially  in  the  first  loading  cycle. 

107.  Testing  procedures.  All  tests  of  the  195^  test  series  were 
performed  with  a constant  vacuum  and  corresponding  confining  pressure  of 
13.26  psi.  The  axial  or  applied  loads  were  increased  or  decreased  in 
increments  of  5 ppi,  and  five  or  six  complete  loading  cycles  were  used 
in  most  tests.  Botn  ceil  indications,  axial  and  lateral  aeiormations , 
were  observed  for  each  load  increase  or  decrease.  The  initial  determi- 
nations of  the  average  density  of  the  specimen,  determined  during  its 
preparation,  were  generally  supplemented  by  sampling  and  density  deter- 
minations at  several  levels  during  dismantling  of  the  test  specimen  upon 
completion  of  a test. 

Principal  test  data 

108.  Densities  and  deformations.  Basic  density  data  for  the  test 
specimens  of  the  195^  test  series  are  summarized  in  Table  1;  whereas 
observed  axial  and  lateral  deformations  end  corresponding  values  of  the 
Poisson  ratios  and  changes  in  volume  and  density  are  shown  in  Table  2. 
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ALL  FOUR  CELLS  IN  ONE  PLANE 


A.  1954  TEST  SERIES 


SC  PSl  AND  IOO  PSl  CELLS  AT 
MIDHEIGHT,  AND  BOTTOM  WITH 
VARIOUS  RADIAL  OFFSETS. 

AXIAL  STRESSES  MEASURED- MOST 
TESTS  WITH  6-IN.  CELLSj  SOME 
TESTS  WITH  IE- IN.  CELLS  HAVING 
A 3-IN.  INACTIVE  RIM. 


&.  1955  TEST  SERIES 

100  PSl  AND  A FEW  50  PSl  CELLS 
PLACED  AT  9- IN.  RADIAL  OFFSETS 
FOR  MEASUREMENT  OF  AXIAL, 
DIAGONAL,  RADIAL  ANO  TANGENTIAL 
STRESSES,  ALL  FOUR  CELLS 
USUALLY  IN  ONE  PLANE  9-IN. 
ABOVE  OR  9-IN.  6EL0W  MIDHEIGHT. 


FIGURE  51.  ARRANGEMENT  OF  WES  PRESSURE  CELLS  IN  PRINCIPAL 
TESTS. 
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Table  1 

Iieneltr  Date  for  S«p.d  to  Trl«tal  Test  Sn»plii»n« 
1954  Teat  Series 


Table  2 

Axial  and  Lateral  Deformations  of  Trlaxlal  Teat  Specimens 
19 54  Test  aeriea 


Specimen 

No. 

Load 

Alps 

Average* 
Increase 
in  Radius 
in. 

Area  of** 
Lateral 
Change 

Volume  of 
Lateral 
Change 

Average 

Vertical 

Deflection 

in. 

Volume  of 
Vertical 
Change 
cu  ft 

Adjusted 
Density 
lb/cu  ft 

Initial 
Density 
lb/cu  ft 

Poisson 

Ratio 

V 

Average 

7 

30 

0.127 

5.93 

0.385 

0.720 

0.417 

106.2 

106.1 

0.71 

8 

30 

0.079 

3.69 

0.239 

0.407 

0.236 

107.9 

107-9 

0.74 

9 

20 

O.O63 

2.95 

0.191 

0.728 

0.421 

99.8 

99.2 

0.33 

10 

30 

0.094 

4.39 

0.285 

O.61U 

0.355 

109.2 

109.0 

0.61 

11 

30 

0.104 

4.85 

0.315 

0.574 

0.332 

110.1 

110.05 

0.70 

12 

20 

0.056 

2.61 

0.169 

0.676 

0.391 

98.8 

98.3 

0.33 

13 

30 

0.0877 

4.09 

0.265 

0.480 

0.278 

•108.6 

108.55 

0.72 

14 

30 

0.0697 

3.25 

0.211 

0.458 

0.265 

110.6 

110.5 

0.64 

15 

20 

0.048 

2.24 

0.145 

0.589 

0.341 

101.4 

100.9 

0.31 

16 

30 

0.0677 

3.16 

0.205 

0.450 

0.260 

1U. 2 

111.0 

0.59 

18 

2? 

0.054 

2.52 

0.103 

0.265 

0.211 

105-6 

105-5 

0.80 

19 

25 

0.043 

2.03 

0.132 

0.326 

0.189 

106.4 

106.2 

0.39 

20 

25 

0.142 

6.63 

0.430 

0.831 

0.481 

103.3 

103.2 

0.67 

21 

25 

0.180 

8.40 

0.545 

0.926 

0.536 

103.8 

103-8 

0.77 

22 

20 

0.094 

4.39 

O.285 

1.095 

0.634 

99.5 

98.6 

0.33 

23 

20 

0.075 

3.50 

0.227 

0.946 

0.547 

99.2 

98.4 

0.31 

2U 

30 

0.067 

3.13 

0.203 

0.402 

0.233 

107.4 

107-3 

O.65 

25 

35 

O.O87 

4.06 

0.263 

0.4o6 

m.236 

110.0 

110.1 

O.85 

26 

30 

0.066 

— 

0.200 

A 'it  I. 

c. 

1 Aft  1 

1AQ  1 

0.69 

27 

30 

0.069 

3.22 

0.209 

0.397 

0.230 

108.8 

108-7 

O.69 

28 

30 

0.079 

3.68 

0.239 

0.408 

0.236 

108.5 

108.5 

0.77 

29 

30 

0.066 

3.08 

0.200 

0.361 

0.209 

108.6 

108.6 

0,6l 

30 

30 

0.062 

2.89 

O.I87 

0.357 

0.207 

108.6 

108.5 

0-77 

31 

30 

0.077 

3.57 

0.232 

0.400 

0.231 

108.4 

3 01  >■ 

0.76 

32 

30 

0.078 

3.64 

0.236 

0.440 

0.255 

108.0 

108.0 

0.71 

33 

30 

O.O74 

3.45 

0.224 

0.415 

0.240 

107.4 

107-3 

0.71 

34 

30 

0.040 

1.87 

0.121 

0.323 

0.190 

108.3 

108.1 

0.46 

35 

30 

0.06l 

2.85 

0.185 

0.380 

0.220 

107.9 

107-8 

0.63 

36 

30 

0.054 

2.52 

0.163 

0.366 

0.212 

108.1 

108.0 

0.59 

* Average  of  three  gage  readings  at  mldheight  or  specluen. 

*•  Cross-sectional  area  of  bulge  assumed  to  be  adequately  represented  by  a parabolic  area. 
Assuming  no  displacement  at  head  and  base:  A ■ 2/3  Arh 

Where:  Ar  is  average  midheight  radius  Increase 

h is  height  of  specimen 

E„  - v x E , v • E /E  - AR/R  * H/AH  • AR/AH  * H/R  ■ AF/AH  x 70.0/17.81t  *>  AR/AH  x 3.91 

2*  ft  X*  ft 


Typical  stress-strain  relations  for  uniaxial  compression  of  the  sand  are 
presented  in  Figure  52;  this  and  similar  diagrams  were  used  for  estimat- 
ing the  deformation  moduli  of  the  sand  under  various  stress  conditions. 
The  maximum  deviator  stress  or  applied  unit  axial  load  was  usually 
30  psi,  but  in  some  tests  the  maximum  load  was  20,  25,  or  35  psi. 

109.  Stress  conditions  at  midheight  of  test  specimen.  As  shown  in 
Figure  45,  the  theoretical  stress  distribution  at  midheight  of  a cylin- 
drical test  specimen  with  a length-diameter  ratio  of  2.0  and  subjected 

to  uniaxial  compression  are  nearly  uniform,  and  the  stresses  near  the 
axis  are  only  slightly  larger  than  those  at  the  cylindrical  surface.  A 
typical  soil-cell  stress  plot  is  shown  in  Figure  53.  The  definitions 
given  in  this  figure  apply  also  to  the  general  summary  of  observed 
stresses  in  Table  3.  The  stress  conditions  at  various  stages  of  prepara- 
tion and  loading  of  the  test  specimen  are  illustrated  in  Figures  54-58 
and  discussed  in  the  following  paragraphs.  Residual  stresses  at  the 
cells  are  not  considered  here  but  are  discussed  in  a separate  section 
on  the  influence  of  secondary  factors. 

110.  Measured  stresses  caused  by  deadweight  of  the  sand,  while 
the  test  specimen  still  is  supported  by  the  forming  jacket,  are  shown 

in  Figure  }4a  and  b.  There  is  considerable  scatter  of  observed  stresses 
but  no  appreciable  difference  between  indications  of  50-  and  100-psi 
pressure  cells.  The  scatter  reflects  stress  changes  caused  by  installa- 
tion of  the  pressure  cells  and  gives  a clue  to  the  reliability  of  the 
various  indications  during  the  first  loading  cycle.  The  scatter  of  ob- 
served deadweight  stresses  is  greatest  near  the  cylindrical  surface  and 
is  undoubtedly  influenced  by  variations  in  the  sidewall  friction  between 
the  test  specimen  and  the  forming  Jacket. 

111.  The  total  effect  of  deadweight  and  application  of  a 
13.26-psi  vacuum  plus  removal  of  the  forming  Jacket  is  indicated  by  the 
stress  observations  shown  in  Figure  55a  and  b.  In  this  case  the  100-psi 
cells  indicate  slightly  larger  stresses  than  the  more  compressible 
50-p8i  cells,  which  agrees  with  the  general  theory  of  pressure  cells  or 
inclusions.  According  to  the  theory  by  Balia,  Figure  45,  a uniform  load 
increase  in  all  directions  should  produce  a stress  distribution  at 
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TEST  SPECIMEN  27-1954  SERIES  | 
MORTAR  SANO-REl  ATIVE  DENSITY  QS% 
POISSON  RATIO  V*0.35  _ 

FOR  OTHER  TEST  IN  1954,  l)  VARIES^- 
FROM  O.J7  TO  0.39.  I 


(COR.  DEVIATOR  STRESS) 
=APPUEO  AXIAL  STRESS 

I I 
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AXIAL  STRAIN  IN  PERCENT 
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FIGURE  52.  STRESS-STRAIN  DIAGRAMS  FOR  MtutuM  DENSE  SAND 
IN  UNIAXIAL  COMPRESSION. 
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TOTAL  AXIAL  STRESS  <Szr  = 0“o+S3+S2 


TEST  SPECIMEN  27,  RELATIVE  DENSITY  85  PERCENT,  CELL  94, 
CAPACITY  50  PSl,  OFFSET  2- IN.,  ELEVATION  3S  IN. 


FIGURE  S3.  SOIL- CELL  STRESS  DIAGRAM  AT  MIDHESGWT  FOR  UNIAXIAL 


COMPRESSION. 
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VERTICAL  CELL  STRESS  tH  Pfcl  VtftTlCM.  CELL  STRESS  !M  P81 


DATA  FROM  TA6U  I (1854) 
SPECIMEN  NO.  S I 
DENSITY  IMS  id 

0CA0WII6HT  PSt  2.6 4 J 


a 

10 

1 1 

IS 

24 

25 

26 

27 

20 

28 

30 

ioaa 

10*2 

IIOS 

toss 

I0T4 

II  0.4- 

1 1(5.1 

l£».0 

1087 

1088 

108  7 

2.64 

268 

244 

262 

266 

2.68 

2.66 

2.65 

2.65 

2.65 
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• CK>  UEAK  offset  IN  inches 

NO  CteL  READINGS  FOR  SPECIMEN  £8,  IO-IN.  OFFSET  SPECIMEN  2?  ANO  ij,  /2-IN.  OFFSET  SPECIMEN  20 

A.  SO  PS  1 CELLS 


DATA  FROM  TABLE  l '1854) 

SPECIMENS 

14  31 

92 

SB 

34 

3S 

NO  MEASUREMENTS  FOR  SPECIMEN  55 

DENSITY 

HO.6  108  0 

>08. 2 

IOT5 

106  4 

108. 1 

AXIS  OF  TEST  SPECIMEN 


cylindrical  surface 


COMPUTED  DEAD  rr  EIGHT'S. 64  PBI 


OFFSET  IN  INCHES 


• SPECIMEN  I*  VI  ORATED -POSSIBLE  YOIDB-DATA  UNRELIABLE  ANO  NOT  CONOIDEREO 

6.  100  PSI  CELLS 


FIGURE  54.  MEASURED  STRESSES  AT  MIDHEI&HT  FOR  DEADWEIGHT. 


VERTICAL  CELL  STRESS  IX  % Of  AVERAGE  TOTAL  STRESS  VERTICAL  CELL  STRESS  m % C*  AVERAGE  TOTAL  STRESS 


VERTICAL  CELL  STRESS  IN  % OP  APPLIES  STRESS  VERTICAL  CELL  STRESS  IN  % OF  APPLIED  STRESS 


VERTICAL  CELL  STRESS  IN  of  OP  AVERAGE  APPLIED  STRESS  VERTICAL  CELL  STRESS  IK  % OF  AVERAGE  APPLIED  STRESS 


VERTICAL  CELL  STRESS  ;N  % Of  AVERAGE  APPLIED  STRESS  VERTtCAL  CELL  STRESS  IN  ^ Of  AVERAGE  APPLIED  STRESS 


AXIS  OP  TEST  SPECIMEN 


YUNDRlCAL  SURFACE 


DATA  FROM  STRESS  PLOTS  - \ St  LOAOING  CYCLE 
APPUeo  STRESS  INTERVAL  28  00-30.00  PSI 
TOTAL  STRESS  INTERVAL  40  90-45  90  PSI 
Final  STRESS  RATIO  45  90/13.26-5  4© 


e IO 

OFFSET  IN  INCHES 

A.  50  PSi  CELLS 


31 


32\ 


DATA  FROM  STRESS  PLOTS'lSi  LOADING  CYCLE 
APPLIED  STRESS  INTERVAL  28.00-50  00  PSI 
TOTAL  STRESS  INTERVAL  40.90-45  90  PSI 
FINAL  STRESS  Ratio  as. 90/13. 26-3.46 


O 2 

• CELL  LEAK 


6 10 
offset  in  inches 

B 100  PSI  CELLS 


FIGURE  56.  MEASURED  STRESSES  AT  MIDHEIGHT  FOR  APPUE.D  LOAD  INTERVAL 
25-30  PSI. 
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midheight  which  has  a alight  minimum  at  the  axis  and  maximum  at  the  cy- 
lindrical surface.  The  observed  stresses  show  a minimum  at  the  axis,  a 
maximum  at  a radial  offset  of  about  5 in.,  and  decrease  to  another  mini- 
mum at  the  cylindrical  surface.  This  stress  distribution  may  possibly 
be  an  after-effect  of  friction  between  the  test  specimen  and  the  forming 
Jacket,  now  removed.  The  stresses  caused  by  deadweight  and  vacuum  are 
not  included  In  the  stresses  shown  in  the  following  diagrams  but  are 
used  to  determine  the  stress  changes  caused  by  applied  axial  loads. 

112.  The  stress  increase  caused  by  application  of  an  axial  unit 
load  of  13.26  psi  is  shown  in  Figure  56a  and  b.  The  observed  data  indi- 
cate maximum  stress  near  the  axis  and  minimum  stress  at  the  cylindrical 
surface  which  agrees  with  the  theory  for  stress  distribution  in  a cylin- 
der with  end  restraint.  Figures  44  and  45,  but  the  observed  stress  vari- 
ations with  the  radial  offset  are  much  greater  than  the  theoretical 
variations.  Figure  45.  Tne  stresses  indicated  by  100-psi  cells  are 
greater  than  those  indicated  by  the  more  compressible  50-psi  cells.  The 
central  100-psi  cells  show  a slight  overregistration  and  are  less  com- 
pressible than  the  test,  specimen,  whereas  the  opposite  applies  to  the 
50-psi  cells. 

113.  The  same  pattern  and  comments  apply  to  the  stresses  shown  in 
Figure  57a  and  b,  which  correspond  to  the  average  slope  of  the  cyclic 
30il-cell  stress  lines  for  the  applied  load  interval  0 tc  25  psi.  Fig- 
ure 53,  but  it  should  be  noted  that  the  stresses  are  slightly  higher 
than  those  obtained  for  the  applied  load  interval  0 to  13.26  psi,  as 
shown  in  Figure  56.  In  general,  the  soil-cell  stress  lines  are  lightly 
curved  even  for  cyclic  loading.  Replacing  these  slightly  curved  lines 
with  straight  lines  may  lead  to  erroneous  generalizations , which  will  be 
discussed  in  a later  section  on  "Comparisons  and  Secondary  Factors." 

114.  The  soil-cell  stress  lines  show  a great  increase  in  curva- 
ture or  secant  slope  for  the  last  l^ad  interval,  25  to  30  psi,  Figure  53. 

This  corresponds  to  a greater  increase  in  registration  ratior , 0 fo  , 

c z 

as  shown  in  Figures  58a  and  b.  These  observations  also  apply  to  cyclic 
loading  when  the  magnitude  of  the  load  approaches  that  of  the  previous 
load.  It  may  be  noted  that  the  maximum  applied  load,  a = 30  psi. 


creates  total  stresses  with  a principal  stress  ratio  of  3.42,  which  is 
close  to  that  of  failure  of  a test  specimen  of  sand.  The  significance 
of  this  great  increase  of  the  registration  ratio  will  be  discussed  in  a 
later  section  and  was  the  subject  of  additional  investigations  in  the 
1955  test  series. 

115*  Stress  conditions  at  base  of  test  specimen.  The  theoretical 
stress  distribution  at  the  base  of  a cylinder  with  restrained  ends  and 
subjected  to  uniaxial  loading  is  shown  in  Figure  45 . However,  the 
stresses  at  the  base  were  measured  by  pressure  cells  placed  directly  on 
top  of  the  rigid  base  plate.  According  to  the  simplified  theory,  the 
registration  ratio  of  a pressure  cell  placed  on  a rigid  boundary  corre- 
sponds to  that  of  a cell  with  twice  the  thickness  and  placed  in  a uni- 
form medium,  but  a more  rigorous  investigation  of  this  problem  has  not 
yet  been  made.  On  account  of  these  uncertainties  and  because  the  action 
of  pressure  cells  close  to  the  midheight  of  a triaxial  test  specimen  is 
of  greater  interest,  this  report  is  confined  to  discussion  of  the  regis- 
tration of  pressure  cells  at  the  base  for  a change  in  the  applied  axial 
load. 

116.  Examples  of  soil-cell  stress  lines  for  cells  at  the  base  of 
the  test  specimen  are  shown  in  Figure  59*  In  contrast  to  the  soil-cell 
pressure  lines  for  a pressure  cell  at  midheight  of  the  test  specimen,  the 
lines  in  Figures  59a  and  b are  concave  upward  and  the  registration  ratio 
of  the  cells  does  rot  increase  with  increasing  axial  load  or  stress.  It 
may  also  be  mentioned  that  the  lines  for  cyclic  loading  in  some  cases 
show  a small  negative  residual  stress,  probably  caused  by  installation 
difficulties  and  by  restraint  exerted  by  the  rigid  base.  Negative  resid- 
ual stresses  were  not  observed  when  the  more  compressible  50-psi  pres- 
sure cells  were  uaedj  see  section  on  residual  stresses  and  Figure  62. 

117.  An  example  of  measured  axial  stresses  at  the  base  of  the 
teBt  specimen  is  shown  in  Figure  60.  The  maximum  axial  load  was  usually 
30  psi,  but  a few  tests  were  performed  with  maximum  unit  loads  of  20, 

25,  and  35  psi.  The  diagrams  are  concave  upwards,  which  is  in  agreement 
with  theory.  Figure  45,  but  the  numerical  values  for  the  central  part  of 
the  specimen  are  smaller  than  the  corresponding  theoretical  value,  in 
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spite  of  the  fact  that  the  pressure  cells  were  placed  on  top  of  the 
rigid  base  plate,  which  should  increase  the  registration  ratio,  accord- 
ing  to  the  simplified  pressure  cell  theory. 

Comparisons  and  analysis 

118.  Experimental  versus  theoretical  data.  A simplified  form  of 
Figures  57  and  60  is  shown  in  Figure  6l,  which  facilitates  comparison  of 
theoretical  data,  Figure  45,  with  experimental  data  obtained  by  50-  and 
100-psi  pressure  cells.  The  general  form  of  the  experimental  curves 
agrees  with  that  of  the  theoretical  curves,  but  there  are  large  varia- 
tions in  the  experimental  curves.  In  the  central  part  of  Figure  6la  the 
theoretical  diagram  lies  between  the  experimental  curves  obtained  by 
50-  and  100-psi  pressure  cells.  This  may  indicate  that  the  50-psi  cells 
are  more  compressible  and  the  100-psi  cells  less  compressible  than  the 
sand  in  the  test  specimen  for  the  particular  stress  conditions.  However, 
the  slope  of  the  outer  part  of  experimental  curves  for  the  midheight  sec- 
tion is  much  greater  than  the  corresponding  slope  of  the  theoretical 
curve,  and  the  stress  distribution  curves  for  50-  and  10-psi  cell  inter- 
sect each  other.  This  intersection  cannot  be  explained  by  available 
theories,  and  it  is  probable  that  the  reliability  of  the  extrapolation 

is  not  reliable. 

119.  The  diagrams  in  Figure  6lb  show  measured  stresses  at  the 
base  and  that  both  50-  and  100-psi  cells  in  the  central  area  indicate 
stresses  which  are  well  below  tb->  theoretical  stresses.  The  latter  in- 
crease sharply  close  to  the  cylindrical  surface,  where  stresses  cannot 
be  measured  with  the  usual  pressure  cells.  Simple  extrapolation  of  ex- 
perimental data  up  to  1U.5  in,  from  the  cxis  would  result  in  mUCli  too 
small  stresses  at  the  cylindrical  surface,  in  comparison  with  the  theo- 
retical stresses,  and  the  reliability  of  the  extrapolated  parts  of  ex- 
perimental curves  is  questionable. 

120.  Summation  of  measured  stresses.  The  ratio  of  measured 
forces,  pm  , to  applied  axial  forces,  Pz  , was  determined  in  some 
cases  in  an  effort  to  obtain  numerical  estimates  of  the  overregistration 
or  underregistration  of  the  pressure  cells.  The  measured  forces  were 
determined  by  dividing  the  cross  section  of  the  test  specimen  into  nine 
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circular  segments,  with  a width  of  2.0  in.  for  the  inner  segments  and 
1.84  in.  for  the  outer  segment,  and  then  multiplying  the  area  of  each 
segment  with  the  average  measured  stress  for  the  segment , obtained  from 
the  stress  distribution  curves.  The  total  measured  force  is  then, 


P = 
m 


uA  *o 
n n 


(92) 


and  the  ratio  Pm/?z  represents  the  weighted  average  overregistration 


or  underregistration  of  the  cells  used  in  determining  the  stress  distri- 
bution curve,  assuming  that  the  actual  stress  distribution  is  unifoiTn, 


which  is  unusual.  In  reality,  the  ratio  P /P  is  a mathematical  tx- 

’ m z 


pression  for  the  relative  position  of  the  experimental  stress  distribu- 


tion curve  and  the  line  (o  /o  ) = 0 . In  ideal  cases  the  ratio  P /P 

c z m z 


may  furnish  a check  on  and  improvement  of  estimated  overall  registration 


ratios,  but  in  case  of  the  WES  tests  the  ratio  P /P  does  not  furnish 

m z 


any  new  information  and  is  less  reliable  than  the  experimental  stress 
distribution  curves,  because  depends  on  extrapolation  of  the  mea- 

sured stress  distribution  curve  from  an  offset  of  14 . 5 in.  to  the  cylin- 
drical surface  at  an  offset  of  17.64  in.  The  accuracy  of  the  extrapo- 
lated part  of  the  stress  distribution  curve  is  questionable  in  many 
cases  and  causes  a corresponding  unreliability  in  the  computed  values  of 
P^/Pz  '.  Computed  values  of  this  ratio  vary  from  O.78  to  1.11,  but  stress 
distribution  curves  similar  to  those  in  Figure  58  would  yield  much  higher 
values  of  P^/.P^  . 

121.  Influence  of  loading  conditions.  In  discussion  of  the  mea- 
sured stresses  at  midheight  of  the  test  specimen,  it  was  mentioned  that 
the  registration  ratio  of  the  pressure  cells  increases  with  increasing 
axial  stress  or  the  principal  stress  ratio.  Figures  57  and  58.  This 
agrees  with  the  downward  curvature  of  the  soil-cell  stress  diagram, 

Figure  53.  The  opposite  epplies  to  pressure  cells  at  the  base  of  the 
test  specimen.  Figure  59-  Corresponding  but  greater  changes  occur  In 
the  incremental  registration  ratios,  Ao^/Ao^  , which  are  readily  deter- 
mined by  the  secant  slopes  of  the  coil-cell  stress  diagrams  for  each 
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load  increment,  Figures  53  and.  59.  The  results  of  the  computations  are 
shown  graphically  in  Figure  62.  It  is  seen  that  the  incremental  ratios 
increese  to  about  2.0  with  increasing  axial  stress,  constant  lateral 
stresses,  and  a corresponding  increase  of  the  principal  stress  ratio. 

On  the  other  hand,  px*essure  cells  at  the  base  of  the  test  specimen  are 
subject  to  a relatively  small  decrease  with  increasing  axial  load.  This 
decrease  is  probably  related  to  the  end  restraint  and  the  increase  of 
radial  stresses  with  increasing  axial  stresses.  It  is  seen  that  the 
registration  ratio  is  not  a unique  or  constant  property  of  pressure  cells 
measuring  axial  stresses  in  a test  specimen  subjected  to  uniaxial  changes 
in  loads  or  stresses. 

122.  Changes  of  the  cell  registration  ratio  with  the  stress  con- 
ditions was  investigated  in  much  greater  detail  during  the  1955  test 
series,  and  the  results  are  described  in  the  next  part  of  this  report. 

At  this  time  it  shall  only  be  mentioned  that  changes  in  the  cell  regis- 
tration ratio  can  be  decreased  or  eliminated  by  supplementing  changes  in 
axial  stresses  with  corresponding  changes  in  lateral  stresses  or  by  main- 
taining the  principal  stress  ratio  within  certain  critical  ranges. 

123.  Influence  of  residual  stresses.  The  foregoing  paragraphs 
deal  primarily  with  changes  in  the  applied  axial  stress  and  correspond- 
ing changes  in  measured  stresses.  'The  total  measured  stresses  include 
also  measurement  of  stresses  caused  by  deadweight,  by  vacuum  and  corre- 
sponding all-round  soils  stress,  and  by  residual  stresses  after  the 
first  loading  cycle.  Figure  53.  The  residual  stress  reflects  local 
stress  changes  in  soil  adjacent,  to  the  pressure  cell.  Measured  stresses 
rrom  deadweight  and  vacuum  show  only  small  ciimiges  with  cell  offset  and 
capacity,  Figure  55,  and  they  are  not  affected  appreciably  by  applied 
axial  loads.  On  the  other  hand,  the  measured  residual  vary  greatly  with 
cell  position,  capacity,  or  compressibility,  and  they  may  cause  appre- 
ciable changes  in  the  shape  and  relative  position  of  stress  distribution 
curves  for  total  stresses.  It  should  also  be  borne  in  mind  that  the 
measured  residual  stresses  represent  not  only  true  residual  stresses  but 
also  stress  changes  caused  by  movement  and  improved  seating  of  a cell 
during  the  first  loading  cycle. 
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12U.  Examples  of  residual  stresses  measured  by  50-  and  100-psi 
pressure  cells  at  midheight  and  base  of  test  specimen  are  shown  in  Fig- 
ure 63.  In  all  cases  the  residual,  stresses  at  50-psi  cells  are  larger 
than  those  at  100-psi  cells.  At  midheight  the  residual  stresses  decrease 
to  very  small  values  at  the  surface  of  the  tests  specimen  and  attain  an 
unexplained  maximum  at  an  offset  ratio  (r/R)  of  about  O.U5.  For  cells 
on  the  rigid  base  plate  the  residual  stresses  increase  from  the  center 
towards  the  edge  of  the  test  specimen,  and  100-psi  cells  near  the  center 
indicated  small  negative  stresses.  These  results  are  probably  caused  by 
end  restraint  and  possibly  also  by  small  movements  or  adjustments  in  the 
seating  of  the  cells. 

125.  Measurement  of  soil  stresses  with  pressure  cells  without 
considering  the  influence  of  local  residual  stresses  at  the  cells  may 
yield  quite  misleading  results.  An  effort  should  be  made  to  determine, 
counteract,  or  eliminate  the  influence  of  residual  stresses  at  the  cells. 
The  simplest  and  most  direct  method  will  probably  be  to  preload  the  soil 
over  a cell  to  the  ultimate  stress  after  the  soil  cover  over  the  ceil  is 
sufficient  to  maintain  the  residual  stresses.  The  preloading  may  be 
accomplished  by  construction  equipment  or  movable  weights.  The  differ- 
ence between  the  cell  readings  before  and  after  preloading  gives  an 
approximate  value  of  the  residual  stress,  which  in  turn  may  be  used  to 
establish  new  and  compensated  zero  readings  of  the  cel.  . Furthermore, 
the  preloading  will  probably  cause  an  improved  and  more  reliable  seating 
of  the  pressure  cell.  Seating  loads  (vacuum)  were  applied  in  the  test 
series  of  1955,  and  corresponding  changes  in  pressure  cell  indications 

V 61* 6 Ou 6 ei V cu • 

Cell  Action  Tests  of  1955 


Purposes  and  procedures 

126.  Principal  objectives.  The  1955  test  series  supplements  that 
of  195** , and  the  objectives  were  to  investigate  not  the  stress  distribu- 
tion in  the  test  specimen  but  the  action  or  registration  ratios  of  pres- 
sure cells  at  comparable  locations  but  with  the  cells  oriented  in  differ- 
ent directions  to  measure  axial,  radial,  tangential,  and  1+5°  diagonal 
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stresses  for  uniaxial  loading  and  also  for  various  triaxial  loadings  in 
which  the  principal  stress  ratios  in  the  test  specimen  were  maintained 
at  constant  values.  Special  tests  were  also  made  to  investigate  the  ef- 
fect of  an  inactive  rim  added  to  the  standard  6-in.  WES  pressure  cell 
and  to  determine  the  angle  of  internal  friction  of  the  sand  used  in  the 
experiments. 

127.  Location  of  pressure  cells.  All  cells  were  placed  at  an 
offset  of  9 in.  from  the  axis  and  9 in.  above  or  below  midheight  of  the 
test  specimen,  Figure  51 • Placement  in  the  two  planes  was  selected  to 
gain  more  freedom  in  arrangement  of  cells  or  groups  of  cells.  The  angu- 
lar spacing  of  the  cells  in  the  same  plane  was  90  to  120  deg,  and  cells 
in  two  planes  were  offset  by  half  of  those  angles.  At  this  location  or 
a height  ratio  h/K  = 9/35  = 0.257  and  a radial  offset  ratio  r/k  * 0.5, 
the  theory  by  Balia  (1961)  yields  the  theoretical  axial  stresses 

o = 1.01a  for  uniform  triaxial  loading.  Figure  45.  These  small  devia- 

£L  Z 

tions  from  the  average  unit  loads  are  neglected  in  the  following  evalua- 
tion of  the  test  data. 

128.  Equipment  and  test  preparations.  The  triaxial  testing  equip- 
ment and  the  sand  for  the  test  specimen  were  the  same  as  those  used  in 
the  1954  test  series.  The  sand  was  compacted  to  a density  of  108.5  pcf 
in  all  tests.  Standard  100-psi  WES  cells  were  used  whenever  possible 
but  were  replaced  with  50-ps.i  cells  in  a few  tests.  A seating  load  or 
vacuum  of  13.26  psi  ’/as  applied  three  times  after  completion  of  the  test 
specimen  but  before  it  was  removed  from  the  forming  Jacket.  The  forming 
Jacket  may  absorb  a considerable  part  of  the  lateral  seating  lead.  The 
axial  seating  stress  may  attain  its  full  nominal  value  at  the  end  sur- 
faces but  it  is  gradually  reduced  by  sidewall  friction.  At  midheight 

of  the  test  specimen  the  axial  seating  stress  may  only  be  40  to  50  per- 
cent of  the  stress  on  the  end  surfaces.  The  vacuum  during  removal  01' 
the  forming  Jacket  was  2.5  psi,  which  was  increased  to  4 to  5 psi  at  the 
start  of  most  tests.  A few  pressure  cells  developed  leaks  to  the  space 
below  the  interior  measuring  diaphragm,  which  was  taken  into  considera- 
tion when  evaluating  the  cell  indications.  Pressure  cell  No.  117  was 
intentionally  vented  after  possible  leakage  was  discovered. 
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129.  Six-inch  strain  gages  were  placed  at  various  elevations  and 
offsets  in  some  tests,  but  the  rods  of  the  st  ain  gages  were  often  bent 
during  testing,  and  tbe  results  obtained  by  the  strain  gages  do  not  ap- 
pear to  be  reliable  in  a quantitative  sense  and  were  not  used  in  evalua- 


tion of  the  test  data.  Outside  axial  and  lateral  deformations  were  mea- 


sured in  all  tests,  and  the  results  are  used  and  summarized  in  this 


report. 


130.  Testing  procedures.  One  series  of  tests  were  performed  as 
uniaxial  stage  tests.  The  vacuum  or  confining  pressure  during  the  first 
stage  was  maintained  at  4 psi,  while  the  axial  load  was  increased  until 
a relatively  flat  slope  of  the  stress-strain  diagram  was  attained. 

Figure  64,  whereupon  the  applied  axial  load  was  gradually  decreased  to 
zero.  The  vacuum  was  then  increased  to  8 psi  and  a new  axial  loading 
test  was  performed,  which  was  followed  by  a third  and  a fourth  test 
series  both  at  a vacuum  of  12  psi.  In  another  series  of  tests  the  prin- 
cipal stress  ratio  was  maintained  at  a constant  value  while  the  axial 


and  lateral  loads  were  increased  until  a limiting  vacuum  or  = 12  psi 


was  attained,  whereupon  the  loading  cycle  was  repeated  with  another 
principal  stress  ratio.  Several  cyclic  soil-cell  stress  diagrams  were 
obtained  for  principal  stress  ratios  of  1.0,  1.5,  2.0,  2.5,  and  3.0. 
After  the  final  load  cycle  all  tests  were  continued  as  uniaxial  tests 
without  further  change  in  maximum  vacuum  until  large  axial  strains  or 
practical  failure  of  the  test  specimen  occurred.  The  increment  of  the 
axial  increase  or  decrease  of  the  unit  load  varied  between  2 and  5 psi, 
depending  on  the  maximum  load.  The  deadweight  of  the  soil,  but  not 
residual  stresses  and  strains  at  the  pressure  cells,  was  considered  in 
computing  the  total  stresses  and  the  principal  stress  ratios.  Each  type 
of  test  was  usually  performed  in  triplicate.  Variations  of  the  Poisson 
ration  for  specimen  TO  were  computed  from  observed  sxial  and  radial 
strain  and  are  tabulated  in  Figure  64. 


131.  Summaries  of  test  data.  Detailed  summaries  of  date,  for  the 


principal  tests  of  1955  are  presented  in  Table  4,  which  is  sn  uncorrected 
copy  of  Table  1 in  the  Conference  Memo  of  September  1955*  The  stresses 
shown  are  averages  of  those  indicated  at  the  end  of  cycles  and  duplicate 
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* 50-psl  capacity  cells. 

ft  Tested  subsequent  to  tests  uatng  a stress  ratio  of  1.0  (fourth,  fifth,  and  sixth  cycles). 

* An  approximate  stress  ratio  of  1.0  vaa  obtained  by  applying  varying  confining  pressure  only  to  ai/ecJjsena.  Because  of  the  '/eight  of  the  head  p; 
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tests.  The  failure  or  final  slope  is  that  of  a straight  line  replacing 
\-he  last  part  of  the  soil-cell  stress  diagram.  Likewise,  cyclic  test 
data  may  be  represented  by  secants  or  straight  lines  between  average 
stresses  for  the  maximum  cyclic  loads.  However,  replacing  slightly 
curved  diagrams  by  straight  lines  may  result  in  misleading  generaliza- 
tions, as  explained  in  more  detailed  discussions  of  the  test  data.  The 
applied  diagonal  stress  is  one-half  the  sum  of  applied  axial  and  radial 
stresses,  or  = 1/2 (oz  + o ) . Conversely,  the  computed  vertical  or 
axial  stresses  in  the  last  columns  of  the  table  are  obtained  from  mea- 
sured diagonal  and  radial  stresses  and  a = 2a.  - a 

z d r 

132.  Table  5 presents  average  values  of  measured  deformations  and 
corresponding  moduli  of  the  test  specimen.  Table  6 contains  average 
values  of  registration  ratios  for  the  various  types  of  tests,  based  on 
Table  4,  plus  average  axial  and  radial  deformations  of  the  test  specimen. 
The  results  of  tests  with  a 6-in.  cell  plus  a 3-in.  inactive  rim  are 
shown  in  Figures  95-97,  but  the  results  obtained  with  internal  strain 
gages  and  preliminary  tests  with  a shear  cell  are  not  summarized  in  this 
x'eporL.  opcciux  ocsos  wii.ii  luc  xaigu  t.  laAial  uppers  .lie  were  performed 
to  determine  the  angle  of  internal  friction  of  the  sand  used  in  the 

test  specimens  for  investigation  of  pressure  cells.  Angles  of  internal 
friction  obtained  with  the  large  triaxial  device  varied  between  36-8  and 
40.8  degrees,  and  the  average  was  39.4  degrees,  which  is  one  degree 
larger  than  obtained  with  standard  triaxial  equipment. 

Axial  stresses  for  un axial  loading 

133.  Tests  performed.  Three  test  specimens.  Nos.  70-72,  were  sub- 
jected to  axial  stage  loading  for  partial  vacua  or  confining  pressures 

of  4,  8,  and  12  psi,  applied  in  ascending  order.  Pressure  cells  were 
placed  both  above  and  below  midheight  of  the  test  specimen  or  at  eleva- 
tions 26  and  44  in.  above  the  base  plate.  The  results  obtained  with  the 
three  test  specimens  are  in  satisfactory  agreement,  and  only  the  data  for 
test  specimen  70  are  presented  and  discussed  in  the  following  paragraphs. 

134.  Stress-strain  relations  for  triaxial  specimen.  Stress- 
strain  diagrams  for  uniaxial  stage  loading  of  specimen  70  are  shown  in 
Figure  64,  which  clearly  indicate  the  previously  mentioned  loading 
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i procedure.  The  confining  pressures  are  identical  for  the  third  and 

| fourth  cycles,  and  cycle  four  is  therefore  a true  cyclic  test.  The 

i 

j modulus  of  deformation  for  the  first  stage  and  cycle  was  determined  by 

j the  secant  to  the  point  of  0.02  percent  strain;  the  moduli  for  the  other 

i cycles  were  determined  by  straight  lines  which  represent  the  best  fit 

j for  the  fairly  straight  parts  of  the  diagrams. 

; 135-  Measured  axial  stresses.  Results  of  the  pressure  cell  tests 

j are  summarized  by  the  soil-cell  stress  plots  in  Figure  65  > which  shows 

| the  axial  stresses  indicated  by  the  pressure  cells  versus  the  correspond- 

; ing  unit  loads.  Soil-cell  stress  diagrams  for  cycles  2 and  3 are  not 

j shown  in  Figure  65  since  they  are  intermediate  between  those  for 

| cycles  1 and  4,  and  the  loading  in  these  two  cycles  was  not  continued 

i until  large  deformations  were  attained.  Before  further  evaluation  of 

| the  test  data  is  presented,  it  is  appropriate  to  summarize  the  principal 

j definitions  and  equations  of  the  simplified  theory  for  interaction  of 

; soil  and  a pressure  cell. 

i 136.  Definitions  and  simplified  theoretical  relations.  Taylor 

| ( 5 ) mentions  that  the  simplified  theory  for  pressure  cell  action 

| actually  should  be  applied  to  incremental  loads  and  pressure  cell  indi- 

I 

! cations,  but  he  omitted  the  incremental  sign,  A , for  convenience  and 

; used  total  stresses  and  deformations,  which  does  not  introduce  signifi- 

cant additional  errors  in  linear  relationships  when  the  moduli  of  defor- 
mation of  soil  and  cell,  M and  M , are  fairly  constant.  However, 

s c 

there  is  considerable  difference  between  equations  and  relations  for  in- 
cremental and  total  stresses  and  deformations  when  the  stress-strain 
diagrams  are  curved,  as  shown  in  Figure  66.  The  following  summary  ap- 
plies primarily  to  incremental  relations  and  the  corresponding  sign, 

A , is  reintroduced  when  appropriate.  The  overregistration  of  a pres- 
sure cell  is  defined  by 

Aa  = Ao  - Ac  or  0 = o - 0 (93) 

e c z e c z 

since  the  definition  applies  to  both  incremental  and  total  stresses. 

The  corresponding  strains  are 
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FIGURE  SHOWS  TOTAL  STRESSES' 


GURE65.  SOU. -CELL  STRESS  DIAGRAMS  FOR  U Nil  AX  I AL  STAGE  LOADING. 
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FIGURE  66A.  CELL  OVE R • REGISTR AT \ ON  VERSUS  AXIAL  STRAIN  DIFFERENTIAL 
AT  MlOHElGHTj  UNIAXIAL  STAGE  LOADING,  SPECIMEN  70-CELL  82, 
ELEVATION  26  IN.,  CYCLES  I,  Z,  AND  3 


- crcu 


A a Ao 

A£  = rr^-  and  Ae  = r~-  (9*+) 

c M z M ' ' 

c s 

where  the  modulus  of  the  cell,  , is  reasonably  constant  whereas 
is  the  tangent  modulus  of  the  soil  as  defined  by  the  stress-strain  curve 
and  varies  throughout  the  test.  The  3ecant  modulus  is  commonly  used  for 
total  stresses  but  the  reliability  of  this  procedure  depends  on  several 
factors,  especially  the  initial  stress  conditions  of  individual  tests. 

The  strain  differential  is 

Ae  * Ae  - Ae  or  e = e - c (95) 

e z c e z c 

This  definition  is  used  and  valid  for  both  incremental  and  total  strains, 
but  the  total  strain  cannot  be  computed  by  the  simple  equations  for  in- 
cremental strain  (9*+),  since  M is  a variable.  The  movement  of  each 

s 

face  of  a pressure  cell  with  respect  to  the  soil,  6^  or  A6g  , is 
called  the  indentation  in  this  report  and  is  determined  by 

A<j  = BAe  (96) 

e e 

when  B is  one-half  the  thickness  of  the  pressure  cell  and  of  the  soil 
layer  under  consideration.  In  the  simplified  theory  for  interaction  of 
soil  and  cell  it  is  assumed  that  the  indentation  also  can  be  expressed 
by 

Au 

A6e  = D (9T) 

s 


where  D is  the  diameter  of  the  pressure  cell  and  is  an  indenta- 

tion coefficient  which  is  a function  of  the  modulus  of  the  soil,  M 

s 

When  the  modulus  of  the  soil  varies  it  is  expedient  to  introduce  the 
indentation  ratio 


(98) 
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which  is  assumed  to  be  a constant  for  a given  soil  condition,  as  an  ap- 
proximation, The  relation  between  strain  differential,  indentation,  and 
overregistration  of  the  cell  may  be  written 


A<$  ~ BAe 

e e 


_ Ao 
D e 

K M 
s x 


(99) 


and 


UV  Q 

■r~  - BAe  = £ K At.  (100) 

M e D s e 

s 

With  the  reservations  indicated  above,  these  equations  may  also  be  ap- 
plied to  total  stresses  and  strains  in  the  evaluation  of  test  data;  that 
is. 


o 

e 


M 


= | K e 
D s e 


(101) 


Referring  to  the  discussion  of  the  simplified  theory  for  soil-cell  inter- 
action, Part  II,  paragraphs  28-6?,  the  registration  ratio  of  the  cell 
may  be  expressed  by 


c 


and  the  maximum  value  of  this  ratio  is  attained  for  M /h  = 0 , which 

s c 

yields 


max 


1 + r-  K 
D s 


(103) 
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Equations  102  and  103  apply  primarily  to  incremental  loads  and  stresses. 

The  equations  may  be  used  for  total  loads  and  stresses  when  and 

are  constant,  but  they  will  in  most  cases  yield  unreliable  results  when 

either  one  of  the  moduli  varies  with  the  stress  conditions.  When  the 

ratios  (Ao  /A e ) or  max  { Aa  /A o ) are  determined  by  experiments,  values 
e e c z 

K can  be  obtained  by  Equations  100  or  103,  which  solved  for  K take 
s s 

'he  form 


K _ D A°e  1 
s 3 Ac  M 
e s 


(104) 


and 


K = 
s 


‘(“ft-1) 


(105) 


The  problems  caused  by  nonlinear  stress-strain  relations  are  discussed 

in  several  textbooks  on  the  mechanics  of  continuous  media  or  solids;  for 

example,  Erlingen  (1962)  and  Fung  (1965). 

137.  Overregistration  versus  strain  differentials.  It  is  shown 

in  the  simplified  theory  for  interaction  of  soil  and  a pressure  cell. 

Part  II  and  the  summary  in  paragraph  135 > that  overregistration  of  a 

pressure  cell,  °c  ” °s  » may  expressed  as  a function  of  the 

difference  between  deformation  or  strain  of  the  soil  and  cell, 

e = e - e . In  an  effort  to  investigate  this  relationship,  corre- 
esc 

sponding  values  of  and  for  specimen  JO  and  cell  82  are  shown 

in  Figure  66.  The  values  of  0 = 0 and  e = e are  average  values 

s z s z 

for  the  test  specimen  and  do  not  represent  stress  and  strain  concentra- 
tions close  tc  the  pressure  cell;  likewise,  o c and  are  average 

values  for  the  pressure  cell.  The  deformations  of  the  pressure  cell  were 
computed  by  = o^/M^  > 6111(1  Mc  = 45,000  psi,  inhere  - u and 

u is  the  numerical  value  of  the  vacuum.  The  diagrams  in  Figure  66  are 
similar  to  the  stress—  strain  diagrams  in  Figure  64,  and  a large  part  of 
the  deformations  or  strains  in  the  soil  are  potential  residual  strains. 
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since  the  recovery  of  soil  strains  during  the  decrease  of  loading  between 
the  various  test  cycles  is  small.  The  diagram  also  indicates  residual 
axial  stresses,  because  the  axial  load  is  not  decreased  to  zero  at  the 
end  of  a loading  cycle  but  only  to  stresses  corresponding  to  the  vacuum 
or  confining  pressure  for  a particular  cycle.  The  similarity  between 
the  diagrams  in  Figures  6k  and  66  indicates  a relationship  between  over- 
registrations and  strain  differentials.  In  the  simplified  theory  this 
relationship  is  assumed  to  be  represented  by  Equation  97  and  equations 

derived  therefrom,  which  have  the  principal  parameters  M and  K 

s s 

138.  Incremental  values  of  the  modulus  M and  the  ir.denta- 

s 

tion  ratio  Kg  may  be  determined  by  the  diagrams  in  Figures  6U-66,  or 

directly  from  the  under lying  experimental  data,  which  yield  the  values 

of  M and  K shown  in  Figure  67.  The  computed  strains  and  strain 
s s 

differentials  are  often  very  small  and  at  the  limit  of  reliability  of 

the  measurements,  which  causes  appreciable  scattering  in  the  computed 

values  of  K . The  diagrams  in  Figure  67a  illustrate  the  large  varia- 
s 

tions  of  during  single  tests  and  in  different  cycles,  which  give 

some  indication  of  potential  errors  that  may  be  caused  by  use  of  a 

single  value  of  M . The  scattering  of  individual  values  of  K in 
s s 

Figure  67b  is  too  great  for  reliable  formulation  cf  equations  for  changes 

of  K during  a test.  All  values  of  K computed  from  experimental 
s s 

data  are  much  greater  than  those  obtained  by  the  theory  of  elasticity 
and  used  in  examples  of  the  simplified  theory  for  action  of  soil  pres- 
sure cells,  but  the  values  of  K in  Figure  67b  are  of  the  same  order 

s 

of  magnitude  as  those  obtained  from  maximum  total  and  incremental  regis- 
tration ratios,  which  in  part  are  caused  by  changes  in  the  external  load 
distribution,  as  explained  in  the  following  paragraphs.  Such  a change 
contributes  to  the  large  values  of  Kg  in  Figure  67b,  but  the  large 
values  of  Kg  may  also  indicate  that  the  simplified  analysis  of  soil- 
cell interaction  is  in  need  of  revisions. 

139-  Total  registration  ratios.  The  total  registration  ratio  is 
°c/°z  » where  o and  o are  the  total  changes  in  cell  indication 
and  in  the  axial  stress  from  the  start  of  the  test  to  the  applied  axial 

stress  a in  a single  test  cycle.  Values  of  o /a  for  cycle  h of 
z c z 
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A.  MODULUS  OP  AXIAL  DEFORMAT  IOH 


B.  INDENTATION  RATIO 

FIGURE  67.  DEFORMATION  MODULI  FOR  UNIAXIAL' 
STAGE  LOADING. 
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the  test  with  specimen  70  are  shown  by  the  diagram  in  the  upper  part  of 
Figure  68a  as  a function  of  the  principal  stress  ratio,  o^/o^  » which 
permits  a direct  comparison  of  diagrams  obtained  in  cycles  with  differ- 
ent confining  pressures.  The  relation  between  the  applied  stress  o 
and  the  principal  stress  ratio  is  determined  by  the  following  equations: 
the  confining  pressure  and  minor  principal  stress  is  - -u  ; the 
deadweight  is  = 3.2  psi;  and  the  ma,ior  principal  stress  is 

o,  = o +o  + . At  the  start  of  a test  and  at  low  values  of  o or 

1 z o 3 z 

o^/o^  , the  total  registration  ratio  °c/az  is  less  than  1.1  and  in 

fairly  good  agreement  with  values  obtained  by  the  simplified  theory  for 

cell  action.  This  ratio  increases  slowly  with  increasing  o until 

o^/o^  attains  a value  of  about  three  whereupon  a rapid  increase  starts 

and  a maximum  o /o  =1.37  is  reached  at  o/o.  = 4.2  , corresponding 
c z 3 

to  o =35  psi  in  Figure  6h,  The  indentation  ratio  K at  the  maximum 
z s 

value  of  °c/°z  ~ 1-37  may  be  determined  by  Equation  105,  which  yields 

K = 12(1.37  - 1)  = h . U . Much  greater  values  of  are  obtained  for 

incremental  loads  as  shown  in.  Figure  67  and  discussed  in  the  next 
paragraph. 

llO.  Incremental  registration  ratios.  The  simplified  theory  and 
currently  available  more  rigorous  theories  for  interaction  of  soil  and 
pressure  cells  assume  that  the  modulus  of  the  soil  is  constant.  As 
shown.  Figure  67,  the  modulus  of  deformation  of  sand  decreases  with 
increasing  axial  stress  and  deformation  for  uniaxial  loading,  but  the 
change  of  the  modulus  during  a single  load  increment  may  be  small. 
Therefore,  the  simplified  theories  and  available  more  rigorous  theories 
dpply  "to  incremental  registration  ratios  rather  than  to  total  regi ot ra— 
tion  ratios  when  the  modulus  of  the  sand  changes  during  a test.  Incre- 
mental registration  ratios,  Ac  /Ao  , may  be  determined  directly  from 

c z 

test  records  or  from  soil-cell  stress  diagrams.  Figure  65.  Results  ob- 
tained for  cycles  1 and  '4  in  tests  with  specimen  70  are  shown  in  the 
lower  part  of  Figure  68a.*  Values  of  Ao  /Ao  for  cycles  2 and  3 fall 

* Alternative  diagrams  for  incremental  registration  ratios  are  shown  in 
Figure  68b  to  facilitate  comparison  with  similar  diagrams  for  other 
tests. 
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INCREMENT  REGISTRATION  RATIO, (£&t 


PRINCIPAL  STRESS  RATIO, CT, /C* 
2 3* 


SPECIMEN  70 
CELL  82 -100  PSI 
OFFSET  9- IN. 
ELEVATION  26- IN 


CTZ*  APPLIED  AXIAL  LOAD 

U * VACUUM  =12  PS  l 

(To  = DEADWEIGHT  =3.2  PSI 


CTe  = DEADWEIGHT  = 3.  £ PSI 

c,  =crz  TCTo  + Og 
a3  = -u  , 


FIRST  CYCLE 
<r=.  =4  PSI 
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between  the  two  diagrams  but  are  not  shown  since  the  loading  in  these 

cycles  was  not  continued  until  maximum  values  of  Ao  It  a were  attained. 

There  is  but  little  difference  between  total  and  incremental  ratios 

until  o^/o ^ = 2 ; thereafter  the  incremental  ratios  increase  much  faster 

than  the  total  ratios  and  attain  maximum  values  slightly  above  2.0,  The 

corresponding  indentation  ratio  is  obtained  by  Equation  105  or 

K = 12(2  - 1)  =12  , which  is  many  times  greater  than  that  obtained  by 
s 

theory  for  elastic  materials,  see  Figure  Ik  in  Part  I,  but  it  agrees 

well  with  values  of  K as  a function  of  overregistration  and  strain 

s 

differential,  Figure  67.  The  maximum  value  of  Ao  /Ao  occurs  at 

c 7. 

o^/o^  = 3.2  for  cycle  1,  corresponding  to  = 5-6  psi,  and  at 
o /o_  = 3.6  for  cycle  ^ corresponding  to  o =26  psi.  These  values  of 

-L  Z 

oz  are  shown  in  the  stress-strain  diagrams  in  Figure  6h , and  it  is  seen 
that  the  maximum  values  of  Ao^/Ao^  occur  at  applied  axial  loads 
smaller  than  those  causing  failure  or  large  deformations  of  uhe  entire 
test  specimen.  Stress  concentrations  undoubtedly  exist  in  the  sand 
around  the  pressure  cell,  and  it  is  possible  that  these  stress  concentra- 
tions cause  local  failure  conditions  at  the  above  mentioned  values  of 
a , which  in  turn  may  explain  the  rapid  decrease  of  Ao  /Aor  limnedi- 
ately  after  the  maximum  is  attained;  see  following  paragraphs. 

l4l.  Comparison  of  total  and  incremental  registrations.  The 
difference  between  total  and  incremental  registration  ratios  s own  in 

Figure  66a  is  explained  by  the  fact  thr t the  Ao  /A a curves  are 

c z 

derivatives  of  the  a /a  curves.  However,  it  should  be  noted  that  the 

c z 

incremental  values  (A °c/az)  &re  plotted  against  the  average  valuts  of 

(o./a_)  for  each  increment,  whereas  the  total  values  (o  /o  ) are 
1 3 c z 

plotted  against  the  end  values  of  a for  each  load  increment.  There 

z 

is  no  difference  between  these  registration  ratios  when  they  are 

independent  of  a of  a /o  . The  simplified  theory  for  interaction 
z L 5 

of  soil  and  cell,  as  well  as  some  of  the  more  rigorous  theories  are  based 
on  the  assumption  that  the  soil  modulus,  , is  constant.  Therefore, 

these  theories  should  not  be  expected  to  yield  reliable  data  for  the 
regietation  ratios  for  nonlinear  stress-strain  relations  in  a partic- 
ular test,  but  the  theories  may  be  applied  to  incremental  loads  and 
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registration  ratios,  when  variations  of  M during  each  load  increment 

6 

are  negligible.  Even  then,  errors  may  be  caused  by  the  fact,  that  the 
linear  relationship  between  force  and  indentation,  indicated  by  Equa- 
tions 99  and  100,  is  valid  only  for  small  stresses  and  indentations,  as 
demonstrated  in  the  next  paragraph  and  in  Figure  69. 

lb2 . Test  data  versus  the  simplified  theory.  Considering  the 
data  presented  in  the  foregoing  paragraph,  the  following  comments  deal 
primarily  with  incremental  registration  ratios  and  results  obtained  by 
the  si aplified  theory  for  interaction  of  soil  and  pressure  cells.  For 
principal  stress  ratios  o^/o^  ^RSB  t*ian  2.0 , the  difference  between 
°c^az  * * ariCi  results  of  the  simplified  theory  are  relatively 

small,  but  a rapid  increase  in  ho  /ho  followed  by  a rapid  decrease 

c z 

occurs  for  values  of  °j/°3  greater  than  2.0,  as  shown  in  Figure  68a. 

The  first  part  of  this  increase  is  explained  by  the  convex  stress-strain 
diagrams  for  the  test  specimen  and  the  corresponding  decrease  in  M 

s 

with  increasing  o or  o, /o„  , Figure  67.  The  maximum  values  of 

z J.  ^ 

Ao  /Ao  are  usually  between  2.0  and  2.1,  which  are  much  greater  than  the 
c z 

values  obtained  for  (M  /M  ) = C by  Equation  103.  The  rapid  increase 

6 C 

of  Aoc/Aoz  may  be  caused  by  a change  in  load  concentration  from  the 
rim  to  the  centex-  of  the  cell  at  failure  of  adjacent  soil.  Such  a 
change  in  load  distribution  was  originally  suggested  by  Terzaghi  (1943) 
for  plate  loading  tests,  Figure  8,  and  it  is  supported  by  the  behavior 
of  a WES  cell  plus  an  inactive  rim.  Figures  95-97.  Although  the  WES 
pressure  cell  is  much  less  sensitive  to  nonunifoim  stress  distribution 
than  a pressure  cell  with  an  exposed  and  fixed  diaphragm,  a change  in 
stress  concentration  from  the  slotted  rim  to  the  center  of  the  cell  prob- 
ably causes  an  Increase  in  cell  registration.  It  should  be  noted  that 

the  maximum  values  of  Ao  /Ao  occur  at  values  of  a. /a.,  corresponding 

c z-  13 

to  the  rising  part  of  the  stress-strain  curve.  Figure  64.  however, 
stress  concentrations  around  the  pressure  cell  cause  failure  conditions 
there  before  such  conditions  are  uttained  for  the  entire  test  specimen. 
The  rapid  decrease  of  Ao^/Aoz  after  the  maximum  strength  is  attained 
corresponds  to  u sudden  sinkage  in  plate  loading  tests.  The  results  of 
such  a test  in  sand  with  u relative  density  of  85  percent  is  shown  in 
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Figure  69a.  The  load-sinkage  diagram  is  curved  instead  of  being  linear 
as  assumed  in  the  simplified  pressure  cell  theory.  Equations  99  and  100, 
and  a sudden  sinkage  of  the  plate  occurs  for  a load  corresponding  to 
failure  conditions  in  the  sand.  The  bulge  of  soil  and  sudden  sinkage  of 
the  plate  occur  only  in  relatively  dense  cohes.ionless  soils,  but  an  in- 
crease in  the  slope  of  the  load-sinkage  diagram  occurs  in  most  soils  at 
initial  failure  of  the  soil  and  is  conspicuous  in  clay,  Figure  69b.  It 
appears  that  the  usual  relations  between  unit  load  and  overregistration 
of  a pressure  cell  may  become  unreliable  at  stresses  corresponding  to 
failure  conditions  of  the  soil  in  which  the  cell  is  embedded. 

1^3.  Pocket  action  problems.  A possible  cause  of  large  over- 
registration ratios  for  a pressure  cell  is  that  a lens  or  pocket  of 
denser  soil  was  formed  around  the  cell  during  installation  procedures 
or  previous  loading  cycles.  Such  a pocket  of  more  rigid  soil  would  in- 
crease overregistration  of  the  cell;  Taylor  (19^5,  19^7)-  The  incremen- 
tal registration  ratio  diagrams  in  Figure  66  are  veii  separated  because 
of  residual  strains  after  each  loading  cycle,  but  the  form  of  the  dia- 
grams and  the  maximum  values  of  Ao  /ha  are  nearly  identical,  whereas 

c z 

the  starting  registration  ratio  is  greatest  in  the  first  cycle.  There- 
fore, it  appears  that  pocket  action  did  not  occur  during  testing  in  me- 
dium dense  sand,  and  changes  in  the  incremental  registration  ratio  can  be 
explained  better  by  the  convex  form  of  the  stress-strain  diagrams.  Fig- 
ure 6U,  and  by  the  shape  of  load-sinkage  diagrams.  Figure  69.  However, 
the  possibility  of  formation  of  pocket3  of  denser  sand  around  cells  in- 
stalled in  loose  sand  cannot  be  excluded  and  should  be  investigated. 

I1*14 • Test  data  versus  rigorous  theories  by  Eahelby-Askegaard. 

Using  basic  equaiions  by  Eshelby,  a rigorous  theory  for  the  interaction 
of  an  elastic  medium  and  a rigid  ellipsoidal  inclusion  was  developed  by 
Askegaard  (1963)  and  is  reviewed  in  Part  II  of  this  report.  A rigid 
inclusion  corresponds  to  a very  large  value  of  M /M  for  a pressure 
cell  or  to  the  maximum  incremental  registration  ratios  obtained  in  the 
WES  experiments.  Theoretical  results  obtained  by  Askegeard  for  uniaxial 
loading  of  an  elastic  medium  are  shown  in  Figure  35a  as  a function  of 
the  Poisson  ratio  and  the  diameter-thickness  ratio  of  the  rigid 
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inclusion.  Assuming  a Poisson  ratio  v = 0.3  for  the  soil  and  with  a 
thickness-diameter  ratio  of  1/6  for  the  WES  pressure  cell.  Figure  35  by 
Askegaard  yields  a registration  ratio  of  1.1  -whereas  the  maximum  regis- 
tration ratio  of  the  WES  cell  near  failure  vas  2.0  to  2.1.  These  high 
values  of  °c/°s  cannot  be  explained  by  the  Askegaard  theory,  which 
considers  only  elastic  but  not  failure  conditions.  Ac  will  be  demon- 
strated in  later  paragraphs,  the  high  values  of  a /a  obtained  by  the 

c s 

WES  cells  near  failure  of  the  soil  are  probably  caused  by  a change  in 
modulus  of  deformation  of  the  soil  plus  a shift  of  the  load  concertra- 
tion  from  the  edge  to  the  center  of  the  cell  at  failure  of  the  soil. 

lb 5 - Test  data  ard  finite  element  analysis  by  Bates.  A finite 
element  analysis  of  a pressure  cell  in  a free  field  has  been  performed 
by  Bates  (19&9)  and  is  reviewed  in  paragraphs  68-9^  of  this  report.  The 
analysis  is  applied  to  a small  cell  with  an  inactive  and  tapered  rim, 
and  the  axial  rigidity  is  much  larger  than  for  the  WES  cell.  The  over- 
registration of  the  Bates  cell  is  much  less  influenced  by  changes  in  the 
modulus  of  the  material  in  which  the  cell  is  installed.  Furthermore, 
the  theory  and  experiments  by  Bates  were  not  extended  to  failure  condi- 
tions in  the  soil,  and  they  should  not  be  expected  to  agree  with  or 


explain  the  large  overregistrations  of  the  WES  pressure  cell. 

Axial  stresses 

for  triaxial  load  changes 

1^6.  Previous  experiments.  Most  investigations  of  the  action  of 
soil  pressure  cells  have  been  performed  in  shallow  container s with  solid 


and  rigid  walls.  An  increase  of  the  axial  unit  load  also  causes  an  in- 
crease in  the  radial  or  confining  unit  load,  corresponding  to  the  earth 
pressure  at  rest.  However,  it  must  also  be  taken  into  consideration 
that  axial  stresses  caused  by  a surface  load  decrease  with  increasing 
depth  because  of  the  influence  of  sidewall  friction.  Various  methods 
have  been  devised  to  determine  and  counteract  the  influence  of  sidewall 
friction.  Axial  loads  are  usually  applied  through  a rubber  cushion  or 
as  air  or  water  pressure  on  a rubber  membrane  covering  the  soil  in  order 
to  decrease  radial  restraint  and  nonuni forraity  of  stresses.  A rubber 
cushion  may  also  be  used  in  contact  with  the  rigid  bottom  of  the 

205 


contained  when  simulating  pressure  cells  in  a rigid  wall  or  slab,  but 
the  action  of  a pressure  cell  in  a free  field  cannot  be  properly  simu- 
lated unless  there  is  an  adequate  distance  between  the  cell  and  the 
bottom  of  the  container  and  unless  the  soil  cover  is  sufficient  to  de- 
crease surface  effects  to  an  insignificant  amount-  As  examples  of  early 
investigations,  reference  is  made  to  the  first  tests  and  report  on  soil 
pressure  cells  by  the  WES  (1944)  and  to  the  investigations  by  Peattie 
and  Sparrow  (1954). 

147.  In  order  to  decrease  the  influence  of  sidewall  friction  and 
to  obtain  better  control  of  lateral  stresses,  Plantema  (1953)  performed 
calibration  tests  with  pressure  cells  in  a special  triaxial  device 
having  a soil  specimen  with  a diameter  of  95  cm  and  a height  of  72  cm, 
surrounded  by  a rubber  membrane  and  placed  in  a pressure  chamber.  Fig- 
ure 43,  so  that  positive  radial  loads  could  be  produced.  Furthermore, 
axial  loads  were  applied  through  rubber  cushions  at  the  top  and  bottom 
of  the  test  specimen.  A constant  ratio  between  axial  and  radial  unit 
loads  was  maintained  in  each  test.  Plantema  found  that  the  registration 
ratio  for  a particular  pressure  cell  was  subject  to  only  small  changes 
when  the  principal  stress  ratio  remained  constant.  The  tests  indicated 
a slight  decrease  in  the  cell  registration,  Figure  43c,  with  increasing 
ratio  between  axial  and  radial  soil  stresses,  and  the  cell  exhibited  a 
slight  underregistration. 

148.  Influence  of  vacuum  in  the  triaxial  device.  As  mentioned 
previously,  the  WES  triaxial  device  uses  vacuum  in  the  soil  pores  to 
produce  radial  or  confining  pressures.  The  influence  of  such  a vacuum 
on  the  evaluation  of  the  test  data  has  not  yet  been  discussed,  since  the 
vacuum  was  maintained  at  a constant  magnitude  during  individual  uniaxial 
tests.  Both  the  vacuum  and  the  applied  axial  load  were  varied  simul- 
taneously during  tests,  as  discussed  below.  First  of  all,  the  stresses 
in  the  soil  of  the  test  specimen  are  identical  whether  they  are  produced 

I 

by  a vacuum  in  the  soil  pores  or  by  a positive  outside  pressure  on  the 
encasing  rubber  membrane.  The  vacuum,  u , is  a negative  pore  pressure 
with  respect  to  pressure  of  the  surrounding  air,  and  the  confining 
radial  pressure  is 

u 

i 
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(106) 


o 


3 


-u 


With  an  applied  unit  axial  load  , a deadweight  that  produces  an 

axial  stress  oq  at  the  elevation  of  the  pressure  cell,  and  bearing  in 
mind  that  the  vacuum  produces  the  soil  stress  in  all  directions, 

the  total  axial  and  major  principal  stresses  are 


o.  = a + a + o 
1 o z 


(107) 


The  deadweight  does  not  change  during  individual  tests,  and  a change  in 
the  axial  soil  stress  can  be  expressed  by 


A o = Acj  + Ao  (108) 

s z 

The  deformations  of  the  test  specimen  should  correspond  to  these  ctressc 
and  appropriate  values  cf  the  soil  moduli  and  Poisson  ratios,  but  the 
total  axial  ana  radial  deformations  were  also  measured  during  each  test. 

1^9,  An  increase  of  the  vacuum  in  the  pores  of  the  soil  decreases 
the  air  pressure  on  the  outside  of  a pressure  cell,  but  this  increase  is 
counteracted  by  an  equal  increase  in  the  effective  soil  pressure.  Dis- 
regarding t.he  effect  of  stress  concentrations  and  of  a possible  slot  in 
the  rim  of  the  cell  and  assuming  that  the  pressure  in  the  interior  of 
the  cell  is  maintained  at  a constant  value  (for  example,  by  venting  the 
cell  to  the  outside  air),  the  interior  diaphragm  of  the  cell  will  not 
react  to  a change  of  vacuum  in  the  soil  pores  plus  the  corresponding 
change  in  soil  pressure,  and  the  cell  acts  as  a rigid  inclusion.  The 
interior  of  most  pressure  cells  in  current  use  is  hermetically  sealed, 
and  compression  of  the  entrapped  air  may  cause  small  changes  in  the 
deflection  of  the  measuring  diaphragm  and  corresponding  indications  of 
the  cell,  which  in  most  cases  are  taken  into  consideration  by  calibra- 
tion of  the  cell.  On  the  other  hand,  when  the  interior  of  the  cell  is 
vented  to  the  soil  pores,  the  pore  vacuum  and  changes  therein  also  act 
below  the  measuring  diaphragm,  and  the  cell  indicates  only  changes  in 
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effective  soil  pressure  on  the  face  plate. 

150.  The  WES  pressure  cell  has  a slot  in  the  rim  of  the  face 
plate  to  enable  it  to  deflect.  Air  and  water,  but  not  soil,  can  enter 
this  slot  and  counteract  air  and  water  pressures  on  the  face  plate.  Con- 
sequently, the  calibration  factor  for  air  and  water  pressures  on  the 
cell,  F^  , is  greater  than  the  corresponding  calibration  factor  for 
soil  pressures,  Fg  . With  the  corresponding  dial  readings  and  8g 

of  the  cell  analyzer,  the  calibration  of  the  cell  for  hydrostatic  pres- 
sure yields 


Au  = Asvru  (109) 

whereas  calibration  for  direct  load  or  soil  pressure.  Figure  5,  yields 

Ac  = As  F (110) 

S S3 

An  increase  in  vacuum  in  considered  negative,  and  it  causes  a positive 
increase  in  the  effective  soil  pressure 

Ao  = Ao_  = -Au  (111) 

u 3 

Concurrent  changes  in  vacuum,  Au  , and  in  the  social  unit  load,  Ao  , 

Zt 

will  then  cause  a total  change  in  oial  reading,  Ao  , which  can  be 
expressed  by  the  foregoing  equations  as 


(112) 


where  Ao£  is  the  overregistration  of  the  pressure  cell.  Rearranging, 
using  Equation  111  yields 


Ao 


ct 


F 

s 


+ 


Ao  ^ 
F 

u 


M 


Ao^  + 


Ao  + Ao 


208 


or  after  multiplying  by  Fg 

F 

Ao  . + Ao,  =~  = Ao,  + Ao  + Ao  (113) 

ct  3 F 3 z e 

u 

The  equivalent  measured  change  in  soil  stresses,  A <?c  , is  then 

F 

Ao  = Ao  + Ao,  ~ = Ao,  + Ao  + Ao  (llM 

c ct  3 F 3 ^ e 

u 

and  consists  of  the  stress  corresponding  to  the  cell  indication,  Aoct  , 
plus  the  contribution  of  the  vacuum 

Ao  ^=-Au^.  (115) 

u u 

which  is  measured  separately  by  a merely  or  mechanical  manometer  but 
not  by  the  soil  pressure  cell.  The  ratio  F^/F^  represents  the  in- 
fluence of  the  circumferential  slot  in  the  face  plate  and  varies  between 
0.78  and  0.92  for  WES  pressure  cells.  The  ratio  is  not  equal  to  the 
ratio  between  the  area  enclosed  by  the  bottom  of  the  slot  and  that  of 
the  face  plate  since  it  also  reflects  the  stiffness  of  the  flexible  rim, 
which  is  not  the  same  for  all  the  cells. 

151.  The  incremental  overregistration  of  the  cell  may  be  ob- 
tained from  Equation  llU  and  is 

Ao  = Ao  - (Ao  + Ao,)  (116) 

e c z 3 

and  the  corresponding  registration  ratio  is 


Ao  Ao 

c c 


Ao  Ao  + Ao„ 
s z 3 


(117) 


where  the  incremental  soil  stress  is  defined  by  Equation  106.  The 


deformation  of  the  pressure  cell  corresponds  to  the  actual  cell  indica- 
tion Ac  and  not  to  the  total  change  in  stress,  Ao  ; therefore  the 

C v C 

incremental  cell  strain  is 


Ac 


ct 


(118) 


The  incremental  soil  strains  may  be  computed  from  the  incremental  axial 
and  lateral  soil  stresses,  using  appropriate  values  of  the  soil  moduli 
and.  the  Poisson  ratios.  However,  these  coefficients  may  vary  consid- 
erably during  a single  test,  and  more  reliable  average  values  of  the 
strains  are  usually  obtained  from  outside  total  axial  and  radial  defor- 
mations which  were  measured  in  each  test.  With  an  axial  incremental 
strain  Ac  , the  soil-cell  strain  differential  is 

At.  = At  — At  . (119) 

e s ct 

In  tests  with  concurrent  changes  in  vacuum  and  applied  axial  load,  the 
overregistration  of  the  soil  pressure  cell  and  the  registration  ratio 
are  determined  hy  indications  of  both  the  pressure  cell  and  an  outside 
manometer,  and  these  quantities  are  not  as  simple  pr*i  significant  as  in 
tests  with  uniaxial  load  changes.  Therefore,  the  relations  between 
overregistrations  and  strain  differentials  were  not  investigated  in 
tests  with  triaxial  load  changes. 

152.  WES  1955  tests  with  triaxial  load  changes.  The  tests  for 
triaxial  load  changes  were  essentially  conducted  with  maintenance  of  a 
constant  principal  stress  ratio  in  each  test  series,  and  this  ratio  was 
varied  from  1.0  to  3.0  in  the  five  test  series  performed.  The  principal 
stress  ratio  is 


o,  o_  + a +0 
1 3 z o 


(120) 


where 


is  numerically  equal  to  the  pore  vacuum. 
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applied  axial  unit  load,  and  is  the  stress  corresponding  to  the 

deadweight  of  the  soil  in  the  test  specimen  above  the  level  of  the  pres- 
suie  cell  being  investigated.  It  was  not  always  possible  to  maintain 
the  desired  principal  stress  ratio  at  small  values  of  because  of 

the  influence  of  the  constant  value  of  oq  . The  tests  were  usually 
started  at  a relatively  low  vacuum  of  2.5  psi.  The  vacuum  and  the 
applied  axial  stress  were  increased  in  steps  until  the  vacuum 

attained  12.5  psi,  whereupon  the  loads  were  gradually  decreased  to  the 
initial  value  and  at  least  two  cyclic  tests  were  performed.  After  the 
last  cycle  the  tests  were  continued  with  uniaxial  loading  and  a constant 
vacuum  and  confining  pressure  of  12.5  psi.  The  maximum  values  of  the 
vacuum  were  increased  slightly  in  tests  with  a constant  principal  stress 
ratio  of  3.0.  The  maximum  vacuum  during  the  cyclic  part  of  the  tests 
was  13.3  psi  and  this  was  increased  to  a constant  vacuum  of  l4.0  psi 
during  the  final  purt  with  uniaxial  loading.  In  the  test  series  with  a 
nominal  principal  stress  ratio  of  1.0,  the  test  specimen  was  subjected 
only  to  vacuum  and  deadload  but  not  to  any  applied  axial  load;  however, 
the  deadload  Oq  prevented  actual  attainment  of  a stress  ratio  of  1.0. 

153.  The  results  obtained  in  test  series  with  various  values  of 
the  principal  stress  ratio  were  so  uniform  and  similar  that  all  can  be 
described  in  a single  paragraph.  The  test  data  are  shown  in  following 
figures, 

Principal 

St.rpRR  Rat.io  Figures 

3.0  70,71,72 

2.5  73,74,75 

2.0  76,77,78 

1.5  79,80,81 

1.0  82,83,81* 

The  stress-strain  diagrams  and  the  soil-cell  stress  diagrams  are  nearly 
straight  during  cyclic  loading,  and  they  yield  nearly  constant  values  of 
the  soil  modulus  and  the  incremental  registration  ratios  in  the  cyclic 
part  of  the  tests,  but  the  incremental  registration  ratios  increase 
moderately  with  increasing  principal  stress  ratios.  During  the  uniaxial 
loading,  following  the  cyclic  loading,  these  ratios  increase  rapidly 
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FIGURE  73.  AXIAL  STRESS -STRAIN  DIAGRAMS  FOR  PRINCIPAL  STRESS 
RATIO  2.5. 
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RATIO  2.0. 
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before  and  decrease  after  failure  of  the  soil  in  the  test  specimen,  as 
observed  in  the  foregoing  tests.  The  maximum  value  of  the  incremental 
registration  ratio  during  the  final  loading  varied  between  2.08  and 
2.30.  It  should  be  noted  that  a final  uniaxial  loading  was  not  performed 
on  test  specimens  with  a principal  stress  ratio  of  about  1.0  during  the 
cyclic  loading,  since  these  test  specimens  also  were  used  in  subsequent 
tests  with  a principal  stress  ratio  of  1.5. 

154.  Comparison  of  types  of  loading.  Typical  results  of  tests 
with  uniaxial  loading  are  shown  in  Figure  68  and  discussed  in  the 
appurtenant  text.  The  great  variations  in  the  incremental  registration 
ratios  are  caused  by  differences  in  lateral  loading  or  confining 
stresses,  by  changes  in  the  soil  modulus,  and  by  a bhift  in  concentra- 
tion of  external  pressures  from  the  rim  to  the  center  of  the  pressure 
cell,  when  approaching  failure  of  the  soil,  followed  by  a rapid  decrease 
in  bearing  capacity  or  penetration  resistance  of  the  soil  immediately 
after  failure.  The  total  and  incremental  registration  ratios  and  govern- 
ing factors  are  much  more  3table  when  the  principal  stress  ratio  in  the 
test  specimen  is  maintained  at  a fairly  constant  value  during  a particu- 
lar loading  schedule.  Details  of  such  tests  are  presented  in  Fig- 
ures 70-84  and  are  summarized  in  Figure  85a  and  b.  The  total  cell 
registrations  in  Figure  85a  include  residual  stresses.  Corresponding 
incremental  registration  ratios  vary  with  the  principal  stress  ratio 
but  are  nearly  constant  for  a given  val\ie  of  the  stress  ratio  as  shown 
in  Figures  72,  75>  78,  8l,  84.  These  incremental  registration  ratios 
are  plotted  in  Figure  85b  and  there  compared  with  data  obtained  in  tests 
with  uniaxial  loading.  The  incremental  registration  ratios  for  the  two 
types  of  loading  are  in  good  agreement  when  considering  the  principal 
stress  ratio  and  the  loading  cycle.  However,  a deviation  occurs  for 
(o^/o^)  * 1.5  » which  undoubtedly  is  caused  by  the  fact  that  test 
specimens  in  the  loading  series  alreudy  had  undergone  a full  series  of 
loadings  by  vacuum  or  a principal  stress  ratio  approximately  equal  to 
unity. 

155.  The  test  data  summarized  in  Figure  8^a  and  b show  that 
the  axial  cell  stresses  or  registration  ratios  increase  with  increasing 
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principal  stress  ratios,  o^/o^  » which  in  part  may  be  caused  by  the 
concurrent  decrease  of  the  soil  modulus,  see  upper  part  of  Figure  85b. 

The  test  data  disagree  with  the  experimental  data  by  Pl&ntema,  Fig- 
ure h3c,  but  the  modulus  of  the  Plante  1 pressure  cells  are  only  a 
little  above  or  below  that  of  the  soil  and  the  registration  of  the 
cells  is  very  sensitive  to  changes  in  the  soil  modulus.  The  test  data 
in  Figure  85b  also  disagrees  with  theoretical  data  by  Askegaard  and  Bates 
for  low  values  of  the  Poisson  ratio.  Bates  assumes  v - 0.27  » but 
Askegaard  obtains  the  opposite  results  for  high  values  of  the  Poisson 
ratio,  Figure  35b.  The  WES  test  specimens  of  medium  dense  sand  appear 
to  have  high  values  of  the  Poisson  ratio,  and  even  exhibit  expansive 
characteristics,  see  Table  2.  In  this  case  the  test  data  in  Figure  85b 
would  concur  with  the  Askegaard  theory.  The  WES  pressure  cell  has  a 
modulus  which  is  moderately  larger  than  that  of  the  soil , but  it  reacts 
to  changes  in  vacuum  as  a rigid  inclusion.  The  above  mentioned  theories 
were  developed  for  linear  elastic  conditions  and  they  do  not  consider 
the  influence  of  changes  in  the  soil  modulus  and  consequent  changes  of 
the  registration  ratio,  as  shown  by  Equation  23  of  the  simplified  method 
of  analysis,  which  yields  results  similar  to  the  experimental  data  in 
Figure  85b.  The  inelastic  swelling  or  consolidation  of  soils,  and 
corresponding  irregular  values  of  the  Poisson  ratio,  may  also  have  some 
influence  on  the  registration  of  pressure  cells,  but  this  influence  has 
not  yet  been  adequately  investigated.  Some  of  the  many  factors  which 
govern  the  registration  of  a pressure  cell  are  partially  interdependent 
and  may  counteract  each  other.  It  is  difficult  to  separate  the  in- 
fluence of  the  individual  factors,  and  care  should  be  exercised  in  for- 
mulating general  conclusions. 

156.  Calibration  and  control  tests.  Soil  pressure  cells  are 
usually  calibrated  in  the  laboratory  by  direct  loading  of  weights  or  by 
uniaxial  uir  loading  as  shown  in  Figure  3,  both  correspond  to 
(o^/0^)  = 0 . It  is  desirable  to  perform  control  tests  for  & given  type 
of  pressure  cell  and  soil  to  determine  the  relation  between  registration 
of  the  pressure  cell  during  laboratory  calibration  and  under  stress 
conditions  in  the  field.  If  there  is  an  appreciable  difference  in 
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registration  of  the  cell  for  the  two  conditions,  a correction  diagram 
should  be  developed,  similar  to  that  proposed  by  Bates  (1969)  and  Fig- 
ure k2  in  this  report,  but  such  a correction  diagram  should  be  based  on 
or  verified  by  experimental  data  and  not  on  theory  alone.  The  WES  test 
data  show  that  variations  in  incremental  registration  ratios  are  rela- 
tively email  when  determined  for  the  second  or  third  cycle  of  loading 
during  which  the  principal  stress  ratio  is  maintained  at  some  constant 
value  below  - 2.5  • It  may  be  advantageous  to  perform  such 

control  tests  with  the  soil  placed  in  laterally  confined  soil,  providing 
the  eidewall  friction  is  practically  eliminated  by  use  of  a stacked 
ring  device,  consisting  of  superimposed  low  circular  rings  with  rubber 
spacers.  The  principal  stress  ratio  during  such  a confined  test  is 
represented  by  the  equations 

o_  - K o-  or  ~ (121) 

j o 1 °3  K0 

Kq  is  the  coefficient  of  earth  pressure  at  rest,  which  for  normal  load- 
ing of  sand  may  be  expressed  by 

K = 1 - sin  0 
o 

A correction  diagram  should  consider  the  influence  of  the  many  factors 
discussed  in  foregoing  sections.  Partial  interdependence  or  counter- 
action of  some  of  these  factors  should  be  subjected  to  additional  inves- 
tigations. Consideration  should  also  be  given  to  subjecting  a pressure 
cell  to  a seating  pressure  shortly  after  installation,  so  that  the 
stress  conditions  around  the  cell  in  the  completed  structure  will 
correspond  to  second  or  loading  cycles-. 

Measurement  of  lateral  stresses 

157.  General  relations.  The  principal  stresses  in  an  axis/m- 

metrical  test  specimen  are  axial  stresses,  o , the  radial  stresses, 

z 

o , and  the  tangential  stresses,  o_  . Pressure  cells  for  measuring 
p o 

these  stresses  and  diagonal  at  'esses,  , were  installed  in  each  test 
specimen  of  the  1955  test  series,  Figure  51*  In  these  bests  the  lateral 
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stresses  are  governed  by  the  confining  pressure  which  in  turn  was  caused 
by  a vacuum  in  the  pores  of  the  soil.  The  vacuum  was  measured  by  an 
outside  pressure  gage,  and  the  lateral  pressure  cells  indicated  only 
small  differences  between  the  vacuum  and  the  soil  pressures,  correspond- 
ing to  the  deformation  of  the  soil  pressure  cells,  which  were  exceedingly 
small,  whereas  the  test  specimen  underwent  appreciable  lateral  deforma- 
tions. The  measured  vacuum  plus  indications  of  the  lateral  pressure 
cells  registered  only  small  over-  or  under-registration,  and  the  action 
of  these  cells  was  quite  different  from  that  of  cells  measuring  axial 
stresses.  Furthermore,  the  cells  for  measuring  radial,  tangential,  and 
diagonal  stresses  are  difficult  to  install,  and  there  were  more  malfunc- 
tions of  these  cells  than  of  cells  for  measuring  axial  stresses.  Reli- 
able test  data  for  lateral  stresses  were  not  obtained  for  every  test 
specimen.  Average  lateral  stresses  determined  in  the  1955  test  series 
are  summarized  in  Tables  U and  6,  and  typical  test  data  for  properly  in- 
stalled lateral  pressure  cells  are  described  in  the  following  paragraphs. 

158  Radial  stresses.  Measured  radial  stresses  during  a test 
with  uniaxial  loading  of  the  test  specimen  in  three  stages  with  a vacuum 
or  confining  pressures  of  4,  8,  and  12  psi  are  presented  in  Figure  86. 

The  measured  stresses  are  shown  as  a function  of  the  vacuum  or  nominal 
radial  stresses,  and  they  form  a nearly  straight  line  indicating  a 
registration  ratio  close  to  1.00.  The  influence  of  axial  loads  on  the 
teat  specimen,  corresponding  to  lateral  loads  on  the  pressure  cell,  are 
indicated  by  the  scatter  of  stress  readings  for  each  vacuum  or  confining 
pressure  in  Figure  86  and  by  the  hysteresis  diagrams  in  Figure  8j.  In 
the  first  three  test  stages  the  applied  axial  load  was  Increased  until 
the  principal  stress  ratio  attained  a value  of  about  3.0;  however,  in 
the  fourth  and  final  cycle  of  loading,  also  at  a vacuum  of  12  psi,  the 
applied  axial  load  vac  increased  to  U0  psi,  which  is  close  to  failure  of 
the  test  specimen.  In  this  case  the  registered  radial  stresses  in- 
creased to  l4.i  psi  In  spite  of  the  bulging  of  the  teat  specimen.  This 
increase  in  the  measured  radial  stress  probably  reflects  local  soil  fail- 
ure at  the  rim  of  the  pressure  cell  and  a shift  of  stress  concentration 
from  the  rim  to  the  center  of  the  cell. 
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FIGURE  86-  MCASURED  RADIAL  STRESSES  FOR  UNIAXIAL  STAGE  LOADING. 
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APPLIED  AXIAL  UNIT  LOAD  (DEVIATOR)  IN  PSI 


0 5 IO  15 


Ocp  - RADIAL  CELL  STRESS  IN  PSI 

FIGURE  07.  MEASURED  RADIAL  STRESSES  IN  EACH  LOADING  STAGE. 
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159-  Measured  radial  stresses  for  a leading  of  the  test  specimen 
vhich  maintains  a principal  stress  ratio  of  2.5  are  shown  in  Figure  88. 

In  this  case  there  is  only  little  difference  between  the  results  obtained 
in  the  first  and  third  loading  cycles  because  the  radial  stresses  pri- 
marily are  caused  by  the  confining  pressure  or  the  vacuum  in  the  pojes  of 
the  test  specimen,  vhich  is  measured  by  an  outside  air  pressure  gage  and 
not  by  the  soil  pressure  cell.  The  diagram  for  the  third  cycle  is  not 
straight  but  has  a slight  double  or  S curvature.  The  registration  ratios 
for  the  individual  load  increments  are  shown  in  the  figure  and  vary  be- 
tween 0.90  and  1.12,  and  the  average  registration  ratio  is  1.03.  A 
fourth  loading  cycle  was  extended  as  uniaxial  compression  for  a vacuum 
of  12.0  psi,  and  the  registered  radial  stress  rose  to  15.3  psi  corre- 
sponding to  a total  registration  ratio  of  1.53.  These  numerical  results 
agree  reasonably  well  with  those  obtained  for  uniaxial  stage  loading  and 
are  shown  in  Figure  87,  and  the  final  increase  in  cell  registration  is 
probably  also  in  this  case  caused  by  a shift  in  load  concentration  from 
the  rim  to  the  center  of  the  cell. 

160.  Tangential  stresses.  The  results  of  measurements  of  tan- 
gential stresses  for  uniaxial  stage  loading  of  the  test  specimen  are 
shown  in  Figure  89,  which  is  very  similar  to  the  diagram  in  Figure  89 
for  measured  radial  stresses.  However,  the  inclination  of  the  diagram 
corresponds  to  an  average  registration  ratio  of  O.85  in  contrast  to 
1.00  for  a radial  stress.  The  average  registration  ratio  cf  tangential 
stresses  for  all  tests  is  also  smaller  than  the  corresponding  ratio  for 
radial  stresses,  Table  6.  Measured  tangential  stresses  during  applied 
axial  load  at  each  vacuum  stage  are  indicated  by  the  horizontal  lines 
through  observed  stresses  at  the  three  vacuum  stages  of  8,  and  12  psi. 
Further  details  for  plotting  diagrams  similar  to  those  in  Figure  87  are 
not  available  at  the  time  of  writing  the  final  draft  of  the  report.  The 
diagram  in  Figure  90  is  substituted  for  one  corresponding  to  Figure  8 9. 
This  diagram  shows  measurements  obtained  with  a WES  pressure  cell  of 
50-psi  rated  capacity  and  considerably  more  compressible  than  cells  with 
100-pBi  rated  capacity.  This  more  compressible  pressure  cell  shows  an 
average  additional  underregistration  ratio  0.90  for  tangential  stresses. 
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the  shape  or  hysteresis  of  the  diagrams  obtained  for  axial  loadings  at 
the  three  vacuum  stages  are  nearly  identical  to  those  in  Figure  87. 

After  completion  of  the  third  loading  cycle  a fourth  loading  was  per- 
formed also  at  the  vacuum  or  confining  pressure  of  12  psi  and  it  was 
continued  to  an  applied  vertical  load  of  40  psi  whicn  is  close  to  fail- 
ure of  the  test  specimen.  At  this  axial  pressure  the  measured  tangential 
stress  is  11.5  psi  which  corresponds  to  a registration  ratio  of  0.96. 

This  ratio  is  greater  than  those  obtained  at  the  end  of  the  regular  load- 
ing cycles,  but  it  is  smaller  than  the  corresponding  ratio  for  radial 
stresses,  Figure  87. 

161.  An  example  of  measured  tangential  stresses  during  a loading 
procedure  which  maintains  a principal  stress  ratio  of  2.5  in  the  test 
specimen  is  shown  in  Figure  91-  Stress  measurements  during  the  third 
loading  cycle  indicate  incremental  registration  ratios  which  vary  from 
0.85  to  1.08.  The  average  registration  ratio  for  a complete  cycle  is 
1.02,  whereas  the  corresponding  ratio  in  measurement  of  radial  stresses 
is  1.05,  Figure  88. 

162.  Summary  and  comments.  The  test  data  presented  in  the  fore- 
going paragraphs  are  supported  by  many  other  tests,  as  shown  in  Tables  h 
and  6.  Both  the  details  in  Figures  86-91  and  the  summaries  in  the  tables 
show  that  the  measured  radial  stresses  are  slightly  but  also  systemat- 
ically larger  than  the  measured  tangential  stresses,  although  according 
to  theoretical  investigations  by  Balia  (1961)  and  Brady  (1971)  the  dif- 
ference between  these  stresses  should  be  practically  negligible  for  a 
linearly  elastic  material.  It  is  possible  that  there  is  a systematic 
difference  in  the  placement  and  effective  preloading  of  the  pressure 
cells,  but  a definite  explanation  of  the  difference  between  measured 
radial  and  tangential  stresses  cannot  be  formulated  on  basis  of  avail- 
able data.  The  measured  radial  and  tangential  stresses  ore  appreciably 
smaller  than  the  measured  axial  stresses.  The  most  logical  explanation 
of  this  difference  is  that  the  magnitude  of  the  lateral  stresses  is 
governed  by  the  confining  lateral  stress  or  the  vacuum  which  is  measured 
by  an  outside  pressure  gage,  and  that  the  radial  and  tangential  pressure 
cells  are  only  subjected  to  very  small  changes  in  loads  and  deformatiois. 
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Furthermore,  outside  unit  loads  in  the  plane  of  cells  measuring  axial 

, 

| stresses  are  equal  to  the  lateral  stresses,  whereas  one  of  the  stresses 

in  the  plane  of  cells  for  measuring  lateral  stresses  is  the  much  larger 
| axial  stress,  and  this  should  decrease  the  measured  lateral  stresses  as 

| indicated  in  the  theory  by  Askegaard,  bearing  in  mind  that  the  apparent 

! Poisson  ratio  for  the  medium  dense  sand  in  the  test  specimens  is  larger 

than  0.5*  Figure  35b.  However,  Figures  87  and  50  indicate  that  the  mea- 
sured radial  and  tangential  stresses  vary  relatively  little  with  changes 
in  the  applied  axial  load.  It  should  be  noted  that  the  registered  radial 
and  tangential  stresses  increase  materially  when  the  stress  conditions 
in  the  surrounding  sand  approach  those  of  failure,  as  do  the  registered 
axial  stresses,  but  they  do  not  attain  a maximum  value  for  the  applied 
axial  loads.  The  calibration  factors  for  axial  stresses  should  not  be 
applied  in  measurement  of  radial  and  tangential  stresses  without  modifi- 
cation. A correction  factor  was  found  theoretically  by  Bates  (1969)  for 
a given  set  of  parameters , but  such  a factor  cannot  be  determined  from 
experimental  data  presented  in  this  report,  because  of  the  disturbing 
influence  of  vacuum  changes  in  the  pores  of  the  soil.  A change  in  this 
vacuum  is  counteracted  by  a nearly  equal  change  in  effective  soil  pres- 
sure. As  a result,  that  actual  change  in  pressures  on  and  deformations 
of  f.  vertical  soil  pressure  cell  axe  very  small  compared  to  the  changes 
in  effective  lateral  soil  pressures.  Additional  tests  are  needed  with 
equipment  which  can  produce  a change  in  outside  lateral  or  confining 
I pressure  without  a significant  change  in  pore  pressures  of  the  test 

6 specimen. 

I Measurement  of  in- 

clined  or  diagonal  stresses 

| 163.  Basic  relations.  Diagonal  planes  are  inclined  planes  which 

[ fora  an  angle  of  45  deg  with  the  axis  of  the  test  specimen;  normal 

» stresses  on  these  planes  are  the  diagonal  stresses,  which  are  designated 

5 by  a . Pressure  cells  for  measuring  diagonal  stresses  were  placed  in 

5 most  of  the  specimens  of  the  1955  test  series;  Figure  51*  There  are  two 

: conjugate  directions  of  diagonal  planes,  forming  an  angle  of  90  deg 

t with  each  other,  but  all  pressure  cells  were  placed  in  the  direction 

l 

I 

I S4o 
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shown  In  Figure  51.  Templets  were  used  in  placing  diagonal  cells.  The 
following  simple  relations  exist  for  axial,  radial,  and  diagonal  stresses 
or  unit  loads: 


0=0  = o + o + o 

1 a o u z 


°d  = t <°i  + 


°3)  * 2 (oa  * 


°u! 


(122) 


The  principal  stresses  are  and  which  in  this  case  are  equal  to 

the  axial  and  radial  stresses,  o&  and  . The  pore  pressure  (vacuum) 

is  --u  and  the  corresponding  compressive  stress  is  °u  ~ “u  • The  unit 

load  from  deadweight  at  the  elevation  of  the  cell  is  o , and  the  unit 

o 

load  applied  to  the  top  cap  of  the  specimen  is  o . Equation  122  is 

z 

first  used  to  compute  the  unit  load  on  diagonal  planes,  but  all  the 
equations  should  also  apply  to  the  measured  stresses  as  discussed  in  a 
subsequent  paragraph. 

.16*4.  Example  of  test  data.  Corresponding  measured  stresses  and 
strains  for  diagonal  planes  are  shown  an  Figure  92.  The  normal  diagonal 
stresses  were  computed  by  Equation  122  and  the  corresponding  diagonal 
strains  by 


ed  = 2 (el  + e3}  (123) 

or  from  the  measured  total  axial  and  lateral  deformations.  The  diagram 
in  Figure  92  for  the  last  normal  load  cycle  shows  that  the  rate  of 
strain  decreases  when  the  stress  conditions  in  the  specimen  approach 
those  of  failure  and  that  the  axial  strain  finally  becomes  negative  cor- 
responding to  dilation  of  the  test  specimen  at  failure.  This  corresponds 
to  the  large  values  of  the  Foisson  ratio  obtained  from  the  total  axial 
and  lateral  deformations,  summarized  in  Tables  2 and  5,  and  in  Figure  6)-t . 

165.  A soil-cell  stress  plot  for  diagonal  stresses  and  uniaxial 
stage  loading  of  the  test  specimen  is  shown  in  Figure  93.  These  diagrams 
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FIGURE  93.  DIAGONAL  SOIL- CELL  STRESS  DIAGRAM  FOR  UNIAXIAL  STAGE  LOADING. 


are  fiirly  straight  in  comparison  with  similar  diagrams  for  axial 
rtresses  and  uniaxial  loading,  Figure  93-  There  is  a distinct  break  in 
the  curve  at  the  end  of  cyclic  testing  and  continuation  of  the  axial 
loading  for  a vacuum  of  12  psi,  but  stress  and  strain  relations  during 
the  final  loading  are  relatively  irregular.  Incremental  registration 
ratios  corresponding  to  these  stress-strain  diagrams  are  shown  in  Fig- 
ure 9^.  The  incremental  registration  ratios  increase  quite  regularly 
during  the  cyclic  loading,  but  this  increase  is  more  rapid  and  irregu- 
lar during  the  final  loading,  and  the  ratio  does  not  seem  to  attain  a 
finite  maximum  value  before  completion  of  the  test,  as  observed  in  mea- 
surement of  axial  stresses.  Figure  63.  This  result  agrees  with  data 
obtained  for  radial  and  tangential  stresses. 

1 66.  Compatibility  of  measured  stresses.  Equation  122  for  deter- 
mination of  applied  diagonal  unit  loads  should  also  be  valid  for  mea- 
sured diagonal  stresses.  Using  the  notation  for  measured  stresses. 
Equation  122  becomes. 


o , = --  (o  +o  ) 
cd  2 ca  cp 


(l2Ua) 


or  solved  for  o 


o = 2o  , - o 
ca  cd  cp 


(I2hb) 


In  Table  4 values  of  o or  the  right  side  of  Equation  12hb,  are  corn- 
ea 

pared  to  applied  axial  unit  loads  for  average  cyclic  loads  and  the  final 

unit  loads,  and  the  ratios  o /a  are  also  shown  in  the  table.  It  is 

ca  a 

seen  that  values  of  a , determined  from  measured  values  of  o , and 

ca  ’ cd 

ocp  , are  larger  than  the  applied  axial  unit  load,  which  is  reasonable 
since  the  overregistration  or  error  in  is  greater  than  in  a ^ . 

The  table  reflects  average  values  obtained  by  replacing  slightly  curved 
diagrams  with  straight  lines. 


Teoto  with  WES  soil  pres- 

sure  cell,  within  an  inactive  rim 

l6T.  Tests  performed.  Several  soil  pressure  cells  with  an 
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inactive  rim  and  an  exposed  measuring  diaphragm  are  described  in  the 
first  part  of  this  report , but  test  data  for  these  pressure  cells  cannot 
be  compared  directly  with  data  for  a WES  soil  pressure  cell  having  a 
full  active  face  and  an  interior  measuring  diaphragm.  In  order  to  ob- 
tain comparable  data  for  determination  of  the  influence  of  an  inactive 
rim,  a standard  WES  100-psi  cell  was  placed  inside  a rim  with  a radial 
width  of  3.0  in,,  as  shown  in  Figure  97.  The  rim  consisted  of  upper  and 
lower  halves  and  a central  washer.  Use  of  the  steel  washer  in  some 
tests  and  the  rubber  washer  in  other  tests  was  expected  to  yield  data 
for  estimating  the  influence  of  compressibility  of  the  inactive  rim. 

The  cell-rim  assembly  was  placed  at  midheight  in  a test  specimen  and 
subjected  to  uniaxial  loading  with  a vacuum  and  corresponding  confining 
pressure  of  13.26  psi.  Initially,  three  cyclic  tests  were  made  to  a 
maximum  axial  applied  load  of  30  psi,  corresponding  to  a maximum  princi- 
pal stress  ratio  a n/o-,  - 3.5  . This  initial  cyclic  loading  was  followed 

1 o 

by  wo  to  three  tests  to  a maximum  applied  axial  load  of  U0  psi,  corres- 
ponding to  °1/°3  * U.2  . The  tests  were  made  using  test  specimens 
Nos,  39-^6  of  dense  sand  with  a unit  weight  of  110  pcf . These  tests 
were  performed  between  the  main  test  series  of  1951*  and  1955. 

l68.  Teat  results.  Examples  of  soil-cell  stress  diagrams  are 
shown  in  Figure  95a  for  tests  with  a steel  washer  in  the  inactive  rim 
and  in  Figure  95b  for  teats  with  a rubber  vaBher  in  the  rim.  Only  one 

i j T _ i _ j _ _i x* V.  . r»  i n j _ 3 i i i r\ 
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and  ko  psi.  The  soil-cell  stress  diagrams  are  fairly  straight  up  to  an 
applied  axial  load  of  30  psi,  but  a sharp  break  in  the  diagrams  occurs 
when  the  applied  load  exceeds  30  psi.  It  is  noted  that  the  sJopes  of 
the  diagrams  for  the  fourth  cycle  are  steeper  than  those  for  the  first 
cycle,  which  corresponds  to  a decrease  in  the  registration  ratio,  as 
also  shown  by  the  diagrams  for  incremental  registration  ratios  in  Fig- 
ure 96.  However,  there  is  a great  increase  in  the  incremental  registra- 
tion ratio  when  the  applied  axial  load  exceeds  30  pel  or  when  the  prin- 
cipal stren  ratio  in  the  surrounding  soil  approaches  that  correspond- 
ing to  failure.  This  increase  in  registration  ratio  is  probably  caused 
by  a transfer  of  load  and  stress  concentration  from  the  rim  to  the  center 
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of  the  cell -rim  assembly.  These  test  results  are  in  agreement  with  an 
additional  proof  of  the  thesis  hy  Terzaghi  (1943)  concerning  changes  in 
stress  distribution  below  a rigid  plate  when  the  load  creates  stress 
conditions  approaching  those  of  soil  failure,  see  Figure  8. 

169.  Results  corresponding  to  the  fourth  cycle  of  all  tests  are 
summarized  in  Figure  97-  There  is  considerable  scatter  of  the  test  data, 
but  the  average  registration  ratios  for  o^/o^  less  than  3-5  are  much 
smaller  than  those  obtained  with  WES  pressure  cells  without  an  inactive 
rim.  Registration  ratios  for  a rubber  washer  in  the  rim  are  slightly 
larger  than  those  obtained  with  a steel  washer  in  the  rim,  but  this 
relationship  is  reversed  for  the  larger  registration  ratios  obtained  for 
o^/a^  greater  than  3.5.  These  maximum  registration  ratios  are  also 
smaller  than  corresponding  ratios  for  cells  without  inactive  rims.  How- 
ever, it  is  possible  that  the  maximum  registration  ratios  for  a cell-rim 
assembly,  although  quite  irregular , may  continue  to  increase  for  applied 
axial  loads  greater  than  40  psi,  and  corresponding  greater  principal 
stress  ratios,  because  the  unit  weight  and  strength  of  the  test  specimens 
used  in  these  tests  were  somewhat  larger  than  the  average  unit  weight 
and  strength  of  the  test  specimens  in  the  main  test  series  of  1955. 

170.  Comments  on  the  influence  of  an  inactive  rim.  Peattie  and 
Sparrow  (1954)  and  others  have  shown  then  an  inactive  rim  may  decrease 
the  overregistration  of  a rigid  soil  pressure  cell.  This  conclusion 
is  verified  by  the  above  mentioned  test  data  for  a standard  WES  soil 
pressure  cell  placed  inside  an  inactive  rim.  However,  the  test  data 
also  indicate  that  the  initial  advantage  of  an  inactive  rim  is  decreased 
and  may  disappear  when  stress  conditions  in  the  surrounding  soil  ap- 
proach those  of  failure,  because  failure  conditions  cause  a shift  of 
stress  concentrations  from  the  edge  to  the  central  part  of  the  cell-rim 
assembly.  The  relative  compressibility  of  the  inactive  rim  should  have 
some  influence  on  the  magnitude  and  location  of  the  stress  concentration, 
and  thereby  the  errors  in  the  cell  registration,  but  differences  between 
results  obtained  with  steel  washers  and  rubber  washers  are  too  small  and 
varied  to  enable  formulation  of  reliable  numerical  conclusions.  It  is 
also  possible  that  a bevelled  or  tapered  shape  of  the  rim  will  reduce 
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stress  concentration  and.  possible  errors  in  stress  registration  by  a 
pressure  cell.  A tapered  edge  has  been  used  by  Bates,  Figure  11,  and 
Cerlson  has  proposed  a semicircular  shape  of  the  outer  edge  in  a recently 
revised  design  of  his  stress  meter. 

3.71.  A WES-type  pressure  cell  plus  an  inactive  rim  requires  move- 
ment between  the  face  plate  of  the  cell  and  the  inactive  rim.  Such  move- 
ment may  in  time  be  impeded  by  entrance  of  foreign  material  and  develop- 
ment of  friction  and  adhesion.  Most  of  the  currently  used  pressure 
cells  with  inactive  rims  avoid  this  potential  difficulty  and  achieve  a 
much  simpler  design  by  use  of  one  or  two  exposed  measuring  diaphragms, 
Figures  2,  9,  11,  12.  The  registration  of  such  a fixed  diaphragm  is 
very  sensitive  to  nonuniformity  of  the  load  and  it  may  be  damaged  by 
stones  in  the  soil  or  proximity  of  rock.  Heavy  face  plates  or  diaphragms 
decrease  this  danger  as  well  as  sensitivity  of  the  cell  to  changes  in 
the  ratio  of  moduli  of  cell  and  soil  or  rock.  A heavy  diaphragm  may  not 
yield  adequate  resolution  of  stresses  unless  resistivity  strain  gages 
are  replaced  by  far  more  sensitive  solid-state  strain  gages.  The  latter 
are  satisfactory  for  cells  used  in  laboratory  experiments  but  are  not 
yet  considered  to  be  sufficiently  stable  for  field  investigations  under 
adverse  conditions  and  of  long  duration. 
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PAK1  IV:  SUMMARY  AND  CONCLUSIONS 


General  Data 


172.  The  report  contains  a review  of  the  principal  types  of  soil 
pressure  cells,  a summary  of  various  hypotheses  proposed  for  soil-cell 
interaction,  and  a long  delayed  account  of  experiments  with  soil  pres- 
sure cells  performed  by  the  WES  in  195^-55. 

173.  The  soil  is  usually  assumed  to  be  a uniform,  elastic  mate- 
rial, whereas  it  is  imperfectly  elastic  and  subject  to  irregular  changes 
in  its  properties.  It  has  nonlinear  stress-strain  relations,  including 
hysteresis  and  residual  stresses  and  strains.  It  may  exhibit  volume 
changes  and  apparent  values  of  the  Poisson  ratio  which  are  incompatible 
with  the  formal  theory  of  elasticity,  and  it  is  a two-  or  three-phase 
system  of  solids,  liquids,  and  gases. 

17^.  The  principal  types  of  soil  pressure  cells  are  (a)  rela- 
tively large  and  very  thin  pressure  pads  with  a special  control  valve. 
Figure  10,  (b)  cells  with  fully  active  face  plates , a transfer  liquid, 
and  an  interior  measuring  diaphragm.  Figures  3 and  1*,  and.  (c)  cells  vith 
an  inactive  rim  and  exposed  measuring  diaphragms  on  one  or  both  faces. 
Figures  9»  11*  12. 

175.  The  action  of  a cell  may  be  expressed  by  the  registration 

ratio  or  ratio  between  the  registered  stress  change  and  the  actual 

change  in  field  stresses.  The  total  registration  ratio,  a /o  , refers 

0 s 

to  the  total  stress  changes  in  a loading  cycle,  and  the  incremental 

registration  ratio,  Aoc/Aog  , refers  to  changes  caused  by  a single  load 

increment.  The  error  in  cell  registration  is  the  difference 

a = o - j , and  the  error  ratio  is  0/0 
e c s e s 

176.  Pressure  cells  are  inclusions  in  the  soil  and  change  the 
stress  conditions  in  the  soil  in  the  vicinity  of  the  ceil.  The  cell  ac- 
tually measures  the  inclusion  stresses  normal  to  the  lace  01  the  cell. 
These  stresses  are  ir  fluenced  by  lateral  soil  stresses  ard  the  Poisson 
ratio,  whereas  lateral  or  radial  stresses  on  the  cell  itself  has  no 
significant  influence  on  the  cell  registration. 
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177-  It  has  long  since  been  established  experimentally  that  the 
registration  error  or  error  ratio  of  a soil  pressure  cell  decreases  with 
decreasing  thickness-diameter  ratio  of  the  cell,  h/D  ; Benkelman  and 
Lancaster  (1940),  Waterways  Experiment  Station  (1944).  However,  solu- 
tions for  pressure  cells  embedded  flush  with  a rigid  boundary  have  been 
obtained  by  means  of  the  basic  relations  of  the  theory  of  elasticity, 
and  the  results  can  be  expressed  approximately  by  the  equations  in  Fig- 
ures 34c  and  d.  Theories  show  that  a pressure  cell  placed  just  in  con- 
tact with  a rigid  boundary  acts  as  a cell  of  twice  the  thickness  in  a 
free  field,  whereas  a cell  embedded  flush  with  a rigid  boundary  always 
underregisters.  For  a cell  stiffer  than  the  soil  there  should  be  a 
partial  embedment  at  which  the  registration  error  is  zero.  Figures  21-24. 

Hypotheses  for  So;  ' --Cell  Interaction 

178.  One  of  the  earliest  and  simplest  hypotheses  for  soil-cell 
interaction  may  be  called  the  indentation  analogy.  It  consists  of  esti- 
mating the  difference  in  deformations  of  the  cell  and  a soil  layer  of 
equal  thickness,  and  comparing  this  difference  with  the  force  on  and 
indentation  of  a rigid  plate  of  the  same  diameter,  at  the  soil  surface. 
Estimating  this  indentation  involves  use  of  the  Prandtl  or  equivalent 
equations  by  Boussinesq.  The  indentation  analogy  method  yields  rea- 
sonable explanations  of  the  actions  of  a pressure  cell,  but  the  numer- 
ical results  may  be  in  error  to  a considerable  extent,  primarily  because 
the  Boussinesq  equations  apply  only  to  forces  at  the  soil  surface, 
whereas  the  Mindlin  equations  should  be  used  for  forces  inside  a soil 
mass,  Figure  26.  Examples  of  applications  of  the  indentation  analogy  to 
a pressure  cell  in  a free  field  are  shown  in  Figures  15  and  16. 

179*  Application  of  the  indentation  analogy  method  to  a pressure 
cell  at  or  in  a rigid  boundary  may  cause  numerical  errors  which  are 
greater  than  for  a cell  in  a free  field. 

180.  Solutions  for  the  soil-cell  interaction  by  use  of  incremen- 
tal annular  elements  were  developed  by  Carlson  (1935,  1939)  and  Monfore 
(1950),  who  solved  the  resulting  simultaneous  equations  by  iteration 
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methods.  Numerical  solutions  may  be  obtained  more  efficiently  by  com- 
puters and  finite  element  methods.  Bates  (l 9^9)  and  Figures  38-40.  These 
methods  yield  numerical  solutions  for  specific  soil  types  and  cells,  but 
the  results  should  not  be  generalized  without  additional  investigations. 

101.  The  registration  of  a soil  pressure  cell  depends  on  the 
magnitude  of  inclusion  stresses  normal  to  the  face  of  the  cell,  but 
these  stresses  ore  in  part  a function  of  the  lateral  soil  stresses  and 
the  value  of  tho  Poisson  ratio.  Using  basic  equations  by  Eshelby  (1957), 
Askegaard  (1963)  obtained  semiclosed  solutions  for  inclusion  stresses 
at  a rigid  ellipsoidal  body,  which  are  represented  graphically  in  Fig- 
ure 35.  The  diagrams  show  the  influence  of  lateral  stresses  and  the 
Poisson  ratio  on  the  inclusion  stresses  and  cell  registration  which  will 
be  discussed  again  in  the  paragraphs  on  calibration. 

182.  Pressure  cells  with  an  inactive  rim  combine  problems  of  a 
cell  in  a free  field  and  a cell  in  a rigid  boundary  for  which  a computer 
solution  has  been  obtained  by  Tory  and  Sparrow  (1967).  Numerical  solu- 
tions for  specific  cells  and  soils  are  shown  graphically  in  Figure  37. 
This  form  of  pressure  cell  is  advantageous  for  many  stress  conditions. 

183.  The  influence  of  shallow  embedment  of  a pressure  cell  may 
be  estimated  by  comparison  with  the  test  data  for  circular  trapdoors 

by  McNulty  (1965),  Figures  28-32.  Approximate  data  may  also  be  obtained 
by  use  of  the  approximate  trapdoor  theories  by  Terzaghi  (1936,  1943} 
and  by  Mason  (1965). 


WES  Experimental  Data  of  1954-55 

184.  The  tests  were  performed  in  1954-55  using  a large  vacuum- 
type  tx iaxial  device.  Figures  46  and  47,  and  with  WES  pressure  cells  in 
tent  specimens  of  medium  dense  sand.  The  soil  of  the  test  specimens  had 
expansive  characterist jcs  and  apparent  Poisson  ratios  greater  than  0.50, 
which  combined  with  variations  of  the  vacuum  in  the  soil  pores  limits 
the  applicability  or  generalization  of  the  test  data. 

185.  The  principal  objective  of  the  WES  1954  test  series  was 
to  determine  the  axial  stress  distribution  in  a test  specimen  with 
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restrained  ends.  The  pressure  cells  were  placed  as  shown  in  Figure  5a, 
and  they  were  not  subjected  to  a seating  load.  The  scattering  in  the 
test  data  was  large,  but  the  data  show  definitely  that  the  minimum 
stress  at  the  ends  occurs  in  the  center  of  the  test  specimen,  whereas 
the  maximum  stress  at  midheight  of  the  specimen  occurs  in  the  center. 
This  agrees  with  theories  proposed  by  Filon,  Balia,  Brady,  and  others. 

186.  The  main  objective  of  the  1955  test  series  was  to  investi- 
gate the  cell  action  under  various  types  of  loading.  The  cells  were 
placed  at  helf  radius  a little  above  and  below  midheight  of  the  test 
specimen.  Figure  Jb.  The  cells  were  subjected  to  a seating  pressure  of 
13.26  psi,  before  the  forming  Jacket  was  removed  and  the  actual  tests 
were  started. 

187.  The  first  cell  action  teRts  were  conducted  with  uniaxial 
stage  loading;  that  is,  the  vacuum  or  confining  pressure  was  constant 
during  a particular  test,  but  it  was  increased  in  successive  stages  from 
4 to  8 and  12  psi.  An  example  of  the  test  data  is  shown  in  Figure  68, 
where  changes  of  total,  and  incremental  registration  ratios  are  given  as 
a function  of  the  principal  stress  ratio.  The  rate  of  changes  in  the 
registration  ratio  increases  with  increasing  principal  stress  ratio  but 
this  change  is  small  at  the  start  of  the  test  and  may  then  be  attributed 
to  changes  in  the  modulus  of  deformation  of  the  soil.  The  rapid  changes 
close  to  failure  of  soil  cannot  be  explained  in  this  manner,  and  it  is 
likely  that  they  represent  changes  in  stress  distribution  or  a shift  in 
stress  concentration  from  the  periphery  to  the  center  of  the  pressure 
cell,  similar  to  that  for  rigid  circular  loading  plates,  as  observed  by 
Torzaghi  and  others.  Figure  8.  This  shift  is  reversed  immediately  after 
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tivity  of  the  WES  cell  decreases  to  some  extent  from  the  center  to  the 
periphery. 

188.  In  a second  series  of  tests  the  principal  stress  ratio  was 
maintained  at  constant  value  during  loading  in  a particular  tests,  but 
-'t  was  varied  for  the  different  test  series.  After  reaching  the  limit 

^responding  to  the  maximum  possible  vacuum,  the  test  was  continued  as 
a uniaxial  test  with  the  equivalent  confining  pressure.  Typical  t_-e: 
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data  are  shovn  in  Figures  71-85*  which  show  that  the  registration  ratio 
is  more  sharply  defined  in  these  teste  than  in  uniaxial  tests;  and  they 
are  also  in  tetter  agreement  with  stress  conditions  encountered  in  the 
field.  Results  yielded  by  the  two  types  of  loading  are  compared  in  Fig- 
ure 85a  and  b.  For  values  of  o^/o^  close  to  those  of  failure  of  the 
soil,  uniaxial  loading  yields  a large  and  rapid  Increase  of  the  incremen- 
tal registration  ratio  because  of  a probable  shift  in  stress  concentra- 
tion,  as  previously  mentioned.  For  smaller  and  usual  values  of  the 
principal  stress  ratio,  loading  with  maintenance  of  this  ratio  yields 
larger  values  of  the  registration  ratio  than  those  obtained  by  uniaxial 
loading,  which  probably  reflects  the  influence  of  larger  lateral  stresses 
on  the  inclusion  effect  of  the  cell,  but  the  influence  of  changes  in  the 
vacuum  should  also  be  considered  because  they  cause  changes  in  deforma- 
tions of  the  soil  without  corresponding  deformations  of  the  pressure 
cell. 

189.  Examples  of  the  measurement  of  lateral,  or  radial  and  tangen- 
tial, stresses  in  the  soil  are  shown  in  Figures  80-91  and  in  Tables  U 
and  6.  'The  corresponding  registration  ratios  vary  from  slightly  below 

to  slightly  above  1.00  and  are  always  smaller  than  those  for  correspond- 
ing axial  stresses.  The  lateral  stresses  are  produced  by  changes  in 
vacuum  or  pore  pressure,  which  is  measured  by  an  outside  manometer  and 
causes  very  little  deformation  of  the  pressure  cell.  Reliable  data  on 
the  inclusion  effect  of  a pressure  cell  placed  on  edge,  or  the  shape 
factor  of  a cell  so  placed,  are  not  yet  available.  It  is  difficult  to 
estimate  the  reliability  of  measurements  of  lateral  stresses  until  addi- 
tional tests  are  made  in  which  a partial  vacuum  in  the  soil  pores  is 
replaced  with  a positive  outside  confining  pressure  on  the  test 
specimen. 

190.  An  example  of  the  results  of  measurement  of  diagonal  or  in- 
clined stresses  is  shown  in  Figures  92-9^.  The  measurements  are  com- 
patible with  those  of  axial  and  lateral  stresses,  hut  since  the  diagonal 
stresses  are  a simple  function  of  the  axial  and  lateral  stresses,  these 
measurements  do  not  provide  a real  check  on  the  measured  diagonal 
stresses.  The  remarks  on  measurement  of  lateral  stresses  in  the 
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foregoing  paragraph  apply  also  the  measurement  of  diagonal  stresses . 

191 • In  a few  cases,  stresses  were  measured  by  uniaxial  loading  of 
a WES  pressure  cell  surrounded  by  a 3- in.  wide  inactive  rim  as  shown  in 
Figure  95.  The  compressibility  of  the  inactive  rim  could  be  changed  by 
annular  steel  or  rubber  inserts.  The  registration  ratios  obtained  for 
normal  values  of  c^/o^  varied  considerably,  but  the  average  was  close 
to  1.00;  however,  when  the  tests  were  continued  and  approached  failure 
of  the  test  specimen,  the  registration  ratios  increased  similarly  to 
those  shewn  in  Figures  68  and  85.  These  tests  furnish  an  illustration 
of  the  advantages  of  the  principle  of  an  inactive  rim,  and  they  support 
the  assumption  that  the  rapid  rise  of  registration  ratios  in  Figures  68 
and  85  are  caused  by  a shift  in  stress  concentrations  on  the  cell. 


Principal  Pressure  Cell  Parameters  and  Design  Data 


192.  It  has  long  been  known  that  the  Inclusion  effect  or  error  in 
pressure  cell  registration  is  nearly  proportional,  to  the  thickness- 
diameter  ratio  of  the  cell,  h/D,  Benkelman  and  Lancaster  (1940),  Water- 
ways Experiment  Station  (1944).  It  is  often  stated  that  the  value  of 
h/D  tuould  not  exceed  1/6  to  1/5,  but  it  appears  that  the  ratio  h/D 
should  preferably  be  much  smaller. 

193.  It  has  also  been  known  that  the  error  in  cell  registration 
of  axial  stresses  in  the  test  specimen  increases  but  approaches  a limit- 
ing value  with  increasing  modular  cell-soil  ratio,  M„/M_  , Figure  15. 

u o 

The  correction  factor  becomes  nearly  constant  when  the  modular  ratio  is 

greater  than  about  four  or  five;  that  is,  the  factor  does  not  increase 

appreciably  with  further  increases  of  M^/M 

c s 

194.  The  error  in  cell  registration  also  increases  with  increas- 
ing principal  stress  ratio  for  cohesionless  soils.  Figure  85,  but  the 
cell  registration  increa.  es  rapidly  followed  by  an  equally  rapid  de- 
crease, so  that  the  cell  registrations  become  unreliable,  when  the  stress 
conditions  in  the  soil  at  the  cell  approaches  those  of  failure. 

195.  Hie  Poisson  ratio  of  the  soil  greatly  influences  the  in- 
cJ union  effect  of  the  lateral  stresses  which  i turn  governs  the  cell 
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registration  of  axial  stresses.  Figure  35*  Furthermore,  soils  may 
undergo  volume  changes  and  exhibit  apparent  Poisson  ratios  vhich  are 
incompatible  with  the  formal  theory  of  elasticity.  Better  estimates 
of  soj.l-cell  interaction  can  undoubtedly  be  made  by  developing  and  using 
improved  constituent  equations  for  stresses  and  strains  in  soils. 

196.  The  shape  of  the  usual  soil  pressure  cell  is  a right  eylin- 
drical  disc  with  sharp  edges,  vhich  increases  stress  irregularities  and 
stress  concentration  at  the  periphery  of  tne  cell.  Attempts  have 
recently  been  made  to  decrease  such  stress  concentrations  by  bevelling 
or  rounding  the  outer  edge  of  the  cell.  Adequate  analytical  and  experi- 
mental data  on  the  in^xuence  of  the  shape  of  a soil  pressure  cell  and 
the  direction  of  the  principal  soil  stresses  are  not  yet  available. 

197*  The  WES  (19^^)  has  suggested  that  a maximum  permissible  de- 
flection of  a soil  pressure  cell  with  fully  active  face  plates  should  be 
lesB  than  1/2000  of  the  diameter.  The  suggestion  cannot  be  applied 
directly  to  a pressure  cell  with  an  inactive  rim  and  an  exposed,  fixed 
measuring  diaphragm.  Preliminary  data  for  the  permissible  deflection  of 
such  diaphragms  may  be  made  by  use  of  the  theories  by  Gravesen  (1959) 
and  Askegoard  (1961),  or  by  substituting  the  average  diameter  of  the  mea- 
suring diaphragm  and  its  average  deflection  in  the  above  mentioned  rule, 
but  the  problem  deserves  further  theoretical  and  experimental  investiga- 
tions. However,  the  deflection  of  a diaphragm  becomes  less  important 
when  the  diaphragms  are  provided  with  very  sensitive  strain  gages  for  a 
required  resolution  of  the  stresses,  vhich  permits  use  of  relatively 
thick  diaphragms  with  corresponding  small  deflections. 


198.  The  principal  types  of  soil  pressure  cells  are  reviewed  in 
the  first  part  of  the  report,  but  only  three  types  are  mentioned  in 
this  summary.  The  original  German  pressure  pad  is  used  again  after 
introduction  of  the  check  valve  by  Gldtzl,  Figure  10,  which  permits  mea- 
surement of  the  pressure  in  the  liquid  between  the  face  plates  with  a 
very  small  movement  of  the  liquid.  Special  sensors  are  not  needed.  The 
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cell  is  fairly  large » appears  to  be  stable,  and  is  suited  for  measurement 
of  earth  pressures  in  large  earth  structures.  Detailed  data  on  the  in- 
fluence of  stones  in  the  soil  and  irregular  stress  distribution  are  not 
yet  available. 

199.  Of  the  many  designs  proposed  for  common  use,  a pressure  cell 
with  an  inactive  rim  is  currently  the  most  promising  one.  The  cell  may 
have  two  exposed  measuring  diaphragms  for  cells  in  a free  field.  Fig- 
ure 9,  but  one  diaphragm  is  sufficient  for  cells  embedded  in  a rigid 
boundary  material.  The  stresses  are  actually  obtained  by  correlation 
with  strains  in  the  diaphragm,  determined  by  strain  gages  or  sensors. 

The  diaphragms  should  be  as  thick  as  possible  to  provide  resistance  to 
stones  and  other  irregularities  but  also  consistent  with  the  sensors  used 
and  the  required  resolution  of  stresses. 

200.  A recent  and  novel  design  of  a soil  pressure  cell  is  shown 
in  Figure  11.  The  cell  has  an  inactive  rim,  and  the  space  between  the 
cover  plates  is  filled  with  a liquid.  The  pressure  in  the  liquid  is 
measured  hy  a special,  miniature,  solid-state  liquid  pressure  gage.  It 
is  possible  that  the  cell  requires  cover  plates  which  are  too  thin  to 
prevent  damage  by  atones  in  the  soil. 

201.  The  strain  gages  used  in  early  pressure  cells  were  vibrating 
wires  or  mechanically  attached  resistivity  wires;  the  former  were  pri- 
marily used  In  Europe  and  the  latter  in  the  United  States.  In  later 
years  mechanically  attached  wires  are  often  replaced  with  resistivity 
foils,  bonded  to  the  diaphragms  with  epoxy  cements,  which  appear  to  func- 
tion satisfactorily.  In  recent  years  conventional  resistivity  foils  have 
for  some  purposes  been  replaced  with  solid-state  resistivity  foils,  pri- 
marily in  the  United  States,  which  have  more  then  fifty  times  greater 
sensitivity  than  the  ordinary  resistivity  foils  and  can  be  used  for  both 
static  and  dynamic  measurements,  replacing  the  large  piezoelectric 
crystal  placed  between  thin  cover  plates  of  a cell  but  were  not  suitable 
for  static  stress  measurements.  However,  the  long-term  stability  of 
solid-state  foils  ha3  not  yet  been  demonstrated  satisfactorily,  and  this 
type  of  gage  is  primarily  used  for  short-term  experiments,  but  rapid 
improvements  are  being  made  in  the  manufacture  of  solid-state  gages. 
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202.  The  soil-cell  interaction  depends  on  the  properties  of  both 
soil  and  cell.  Preliminary  experiments  by  Peattie  and  Sparrow  (195U) 
indicate  that  the  principal  deviation  is  exhibited  by  dense  cohesionless 
materials.  Figure  27a,  and  the  materials  used  in  the  WES  experiments  of 
195^-55  fall  in  this  category.  Tests  have  not  yet  been  mu.de  in  strongly 
overconsolidated  and  undisturbed  cohesive  soils.  Additional  experiments 
are  needed. 

Calibration  of  Soil  Pressure  Cells 

202.  The  over-  or  under-registration  of  a soil  pressure  cell  is 
equivalent  to  or  a function  of  the  inclusion  effect.  As  shown  by 
Askegaard,  Figure  35,  the  inclusion  effect  depends  not  only  on  the  axial 
or  vertical  stresses  in  a free  field  but  also  on  the  lateral  stresses  in 
the  soil  and  its  Poisson  ratio  and  on  the  configuration  of  the  cell. 
Furthermore,  the  total  registered  stress  may  be  changed  by  the  pressure 
of  air  and/or  water  in  the  pores  of  the  soil.  Therefore,  the  calibra- 
tion factor  is  not  a constant  for  a given  pressure  cell.  However,  as 
shown  in  Figure  35,  the  inclusion  effect  is  small  for  some  combined 
values  of  the  Poisson  ratio  and  the  thickness-diameter  ratio. 

20U.  The  commonly  used  methods  for  calibration  of  soil  pressure 
cells  are  direct  loading,  axial  hydraulic,  or  pneumatic  loading  by  equip- 
ment similar  to  that  shown  in  Figure  5a.  The  calibration  factors  thus 
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and  the  direction  of  the  stresses,  the  Poisson  ratio,  aad  the  pore  pres- 
sures. Therefore,  the  usual  calibration  tests  should  be  supplemented  by 
the  following  tests  in  order  to  determine  the  correction  coefficients, 
but  it  is  possible  that  these  tests  need  only  be  performed  for  each  type 
of  cell  and  3oil,  general  stress  condition,  and  Poisson  ratio. 

205.  First,  the  calibration  factor  3hould  be  determined  for  hydro- 
static water  or  air  pressure  and  be  compared  with  the  factors  for  equip- 
ment commonly  used  for  measurement  of  pore  pressures.  Secondly,  the  cell 
should  also  be  calibrated  when  embedded  in  soil  and  subjected  to  all  the 
inclusion  stresses  and  for  both  horizontal  and  vertical  positions  of  the 
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cell.  It  would  be  desirable  to  perform  such  tests  in.  a large  triaxial 
device  with  positive  confining  pressure.  However,  it  may  be  adequate  to 
make  the  tests  under  confined  consolidation  in  a stacked  ring  device. 
Figure  5b,  since  similar  stress  conditions  are  commonly  encountered  in 
the  field. 

206.  Currently,  the  results  of  static  calibrations  are  also  being 
used  in  evaluation  of  measurements  of  dynamic  stresses.  Fully  satisfac- 
tory methods  for  dynamic  calibration  have  not  yet  been  developed  or  pub- 
lished. It  may  be  difficult  to  differentiate  between  dynamic  stresses 
in  solids  and  pore  fluids,  since  the  measurements  may  be  subject  to  a 
time  lag,  depending  on  permeability  of  the  soil. 

207.  Influence  of  variations  in  numerical  values  of  the  Poisson 
ratio  should  be  taken  into  consideration  when  generalizing  the  results 
of  experiments  or  theoretical  investigations. 

Installation  of  Soil  Pressure  Cells 


206.  The  first  requirement  for  installation  of  a soil  pressure 
cell  is  preparation  of  a plane  contact  or  seating  surface.  Stones  should 
be  removed  and  a thin  layer  of  fine  sand  may  be  used  to  obtain  a smooth 
surface,  but  the  thickness  of  such  a sand  layer  should  not  be  large 
enough  to  cause  appreciable  pocket  action  in  the  soil  around  the  cell. 
According  to  Hadala  (1967).  cells  should  be  placed  at  an  interim  surface 
of  compacted,  cohesiouiesB  aoilw,  but  cells  in  OOiieSiVe  soils  should 
preferably  be  placed  in  a shallow  excavation  of  the  same  diameter  as  the 
cell.  Backfill  soil  should  be  carefully  placed,  tamped,  or  compacted 
around  and  over  the  cell. 

209.  It  is  suggested  that  a seating  pressure  be  applied  when  the 
cover  attains  a thickness  sufficient  to  protect  the  cell  against  damage. 

A seating  pressure  of  13.26  psi  was  applied  in  the  WES  tests  of  1955 
before  remove]  of  the  forming  Jacket  and  starting  the  actual  tests.  The 
scatter  in  the  test  data  was  much  smaller  than  in  the  tests  of  195^- 
The  minimum  or  optimum  seating  pressure  has  not  yet  been  determined. 

210.  The  curvature  of  the  stress-strain  diagram  for  a first 
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loading  cycle  and  corresponding  changes  in  the  soil  modulus  also  cause 
considerable  variations  in  the  cell  registration.  More  uniform  and  con- 
sistent results  would  be  obtained  if  the  cell  and  surrounding  soil  were 
preloaded  so  that  conditions  during  the  actual  measurements  correspond 
to  cyclic  loading.  Such  preloading  may  be  difficult  to  achieve  in  the 
field,  but  it  deserves  consideration  and  investigation. 

211.  Vertically  placed  pressure  cells  for  measurement  of  lateral 
stresses  should  also  be  installed  to  obtain  essential  data  on  the  stress 
conditions  and,  when  required,  to  determine  correction  coefficients  to 
the  general  calibration  factors.  Seating  pressures  and  preloading  are 
difficult  to  apply  to  vertical  cells,  and  systems  of  diametrically 
placed  loads  may  be  used  to  avoid  lateral  displacements  of  the  pressure 
cells  during  seating  and  preloading. 

212.  The  foregoing  paragraphs  apply  also,  with  minor  modifica- 
tions, to  pressure  cells  installed  at  or  in  a rigid  boundary.  Special 
difficulties  axe  encountered  when  installing  pressure  cells  in  undis- 
turbed soil;  it  is  very  difficult  to  avoid  some  disturbance  of  the  soil 
and  some  pocket  action  in  the  backfill. 

Operating  Procedures 

213.  Evaluation  of  the  registration  of  a soil  pressure  cell  is 
made  by  use  of  the  effective  calibration  factors,  after  correction  for 
the  influence  of  pore  pressures,  which  muBt  be  known,  reliably  estimated, 
or  determined  separately.  The  registration  of  a soil  pressure  cell  re- 
flects its  reaction  to  the  total  inclusion  stresses,  including  the  pore 
pressures.  The  modification  coefficients  are  functions  of  the  soil 
properties,  the  stress  conditions,  the  design  of  the  cell,  and  its 
orientation.  All  these  parameters  should  be  carefully  considered  in  the 
evaluation  of  the  total  registrations  of  the  cells. 

21^.  Soil  stresses  and  pore  pressure  in  the  field  may  be  subject 
to  cyclic  variations,  which  may  cause  zero  shifts  of  the  pressure  cells 
and  some  changes  in  the  effective  calibration  x'actors.  Attempts  should 
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be  made  to  determine  all  these  changes,  by  use  of  the  cyclic  stress- 
strain  diagrams  for  the  soil. 

215.  Attention  is  again  called  to  the  possibility  that  differ- 
ences between  stresses  based  on  laboratory  and  field  experiments  in  many 
cases  are  not  caused  by  errors  in  the  actions  of  the  pressure  cells  but 
on  difficulties  reproducing  actual  field  conditions  in  the  laboratory, 
whtre  artificial  boundary  conditions  or  restrictions  often  must  be  in- 
troduced. These  remarks  also  apply  to  many  other  laboratory  soil 
investigations . 


PART  Vs  SUGGESTIONS  FOR  ADDITIONAL  INVESTIGATIONS 


2l6.  Further  development  of  soil  pressure'  cells  is  possible  and 
needed  and  seme  specific  investigations  are  enumerated  in  the  following 
paragraphs.  Advantage  should  be  taken  of  all  published  data,  but  repe- 
titions of  experiments  should  be  avoided  except  for  the  purpose  of 
clarification  or  checking.  The  suggestions  do  not  cover  all  needed 
investigations. 

First  Priority 

Review  papers  on  soil  pressure  cells  published  after 
January  1971. 

Make  desirable  additions  to  this  report. 

Investigate  variations  in  sensitivity  with  distance  from 
center  of  the  WES  soil  pressure  cell.  Use  multiple 
point  loads  or  annular  loads. 

Theoretical  Investigations 

Finite  element  analysis  of  uniform  inclusion.  Disc 
shape,  uniaxial  loading,  horizontal,  and  vertical 
orientation  of  disc. 

Finite  element  analysis  of  WES  soil  pressure  cell,  dif- 
ferent axial  and  lateral,  moduli,  uniaxial  and  triaxial 
loading,  horizontal  and  vertical  orientation  of  cell, 
Poisson  ratio  0.1,  0.3,  0.49. 

Optimum  shape  of  cell.  Constant  diaphragm  diameter, 

plus  variable  inactive  rim.  Various  thickness-diameter 
ratios. 

Relation  between  cell  error  and  thickness-diameter  ratio 
for  vertical  cell,  uniaxial  loading,  various  Poisson 
ratios  of  the  soil. 

Analysis  of  cell  with  optimum  form,  close  to.  resting  on, 
straddling,  or  embedded  in  rigid  boundary  material. 

Influence  of  distance  to  free  boundary. 

Influence  of  changes  in  pressure  of  air  or  liquid  in 
soil  pores. 

Influence  of  creep  and  extraneous  volume  changes 

Influence  or  limits  of  approximations  for  nonlinear 
stress-strain  relations  of  the  soil. 

Assemble  results  of  foregoing  paragraphs  into  simplified 
rules. 
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Testing  Equl lament 

Develop  auxiliary  equipment  for  the  stacked-ring  device. 

Develop  and  build  large  t.riaxial  testing  device  with 
positive  or  external  confining  pressure. 

Develop  special  equipment  for  testing  pressure  cells  at 
a rigid  boundary. 

Develop  special  equipment  for  field  investigations. 

Installation  of  Pressure  Cells 

Compare  irregularities  in  first  and  second  loading 
cycles  in  the  195^-55  test  series. 

Optimum  seating  pressure  for  horizontal  pressure  cells. 

Optimum  seating  pressure  for  vertical  soil  pressure 
cells. 

Maximum  thickness  of  uniform  sand  layer  for  direct 
seating. 

Field  procedures  and  limitations. 

Experimental  r westigations  for  Free  Field  Conditions 

High  pressure  tests  in  the  stacked  ring  device. 

High  pressure  tests  in  large  triaxial  device. 

Comparison  with  test  data  in  vacuum-typ*-  triaxial  device. 

Tests  for  optimum  shape  of  cell;  constant  central  part 
plus  variable  inactive  rim  of  bevelled  and  rounded  or 
ellipsoidal  shape. 

Relation  of  error  to  thickness-diameter  ratio  for  verti- 
cal cell. 

Influence  of  depth  below  free  boundary. 

Experiments  with  Pressure  Cells  at  Rigid  Boundary 

Influence  of  distance  from  rigid  boundary,  vertically 
and  laterally,  vertical  and  horizontal  cells. 

Cells  resting  on  rigid  boundary. 

Cells  straddling  rigid  boundary. 

Cells  embedded  flush  in  rigid  boundary  material. 

Influence  of  Soil  Types  on  Cell  Action 

Medium  loose  sand. 

Medium  dense  sand. 

Sand  with  gravel  and  stones. 

Normally  consolidated  soft  clay. 
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Influence  of  Soil  Types  on  Cell  Action  (Continued) 
Overconsolidated  firm  or  stiff  clay. 

Swelling  soils. 

Soft  shales. 
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APPENDIX  A:  NOTATION 


F. 


1.  The  notation  used  in  this  report  is  a compromise  between  that 
recommended  by  the  International  Society  for  Soil  Meckj-uies  and  Founda- 
tion Engineering  and  the  notations  used  in  the  initial  investigations  by 
the  Waterways  Experiment  Station  and  in  the  various  publications  reviewed 
and  quoted  in  this  report. 


A 

2B 

2B 

p 

2B 

w 

c 

C 


C 

a 

d 

D 


u. 

1 


c 

F 


F 

F 

G 


s 

u 

c 


h 

H 


H 

s 

K 


Km 

K 


Area 

Total  thickness  of  pressure  cell 
Total  thickness  of  soil  pocket  around  cell 
Total  thickness  of  weak  soil  cover  for  cell 
Cohesion  or  adhesion  of  soil 

Coefficient  for  plate  sinkage,  general,  Equation  12 

Cell  action  factor  or  correction  coefficient 

Dq  = diameter  of  active  diaphragm 

Diameter  of  pressure  cell  or  rigid  inclusion 

Active  diameter  of  pressure  cell 

Inside  diameter  of  inactive  rim 

Outside  diameter  of  inactive  rim 

Elastic  modulus  of  cell  material 

Fx iction  force 

Calibration  factor  for  soil  or  direct  loading  of  cell 

Calibration  factor  for  hydrostatic  loading  of  cell 

Rigidity  modulus  of  cell  material,  G =E/2(l+v) 

c c 

Thlckne:  ; of  ellipsoidal  inclusion.  Figure  32a 

Depth  of  burial  or  soil  cover  for  cell 

Embedment  of  cell  in  wall  or  slab 

Protrusion  of  cell  from  wall  or  slab,  H + H * 2B 

r s 

Ratio  of  lateral  to  vertical  earth  pressures 

Coefficient-Boussinesq  equations 

Coefficient-Mindlin  equations 

Coefficient  of  earth  pressure  at  rest 

Coil  indentation  ratio,  K = N /M 

s s s 


A1 


y.  ■-<■*** 


Deformation  modulus  of  cell  for  soil  loading 

Deviator  deformation  modulus  of  soil,  M_,  = £./(c^  - o_) 

ullo 

Equivalent  deformation  modulus 
Deformation  modulus  of  soil  pocket 

Deformation  modulus  of  the  more  rigid  soil  at  interface 

Deformation  modulus  of  soil,  general,  Poisson  ratio 
considered 

Equivalent  modulus  nonlinear  relations 

Deformation  modulus  of  cell  for  hydrostatic  loading 

Deformation  modulus  of  soil  in  more  compressible  or  weak 
cover 

Z/D  = depth  ratio 

Indentation  relations  for  the  more  rigid  soil  at 
interface 

Soil  indentation  coefficient  in  general 
Unit  pressure,  soil  or  liquid 

Liquid  pressure  in  cavity  for  uniaxial  loading  of  soil 

Unit  soil  load  measured 

Applied  uniaxial  soil  load,  unit  load 

Liquid  pressure  in  cavity  for  trisxial  loading  of  soil 

Total  effective  load  or  force 

Total  effective  soil  load  on  cell  or  cavity  of  cell 

Maximum  total  force 

Unit  load  on  soil  surface 

Unit  axial  load 

Unit  radial  load 

Point  load  or  totai  load 

Radius  of  cell  or  cavity,  2R  = D , also  ratio  or 
coefficient 

Modular  ratio  cell  to  soil,  R = M /M 

c c s 

Modular  ratio  soil  to  soil,  R^  = Mg/Mr  , Equation  55 

Linear  coefficient  for  shrinkage  or  swelling 

Total  shear  force 

Thickness  of  diaphragm 

Temperature  change 
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ri  'A  1201.  hUti  at 


»•  ft  \Jlw 


u 

V 

w 

Z1 

x,y,z 

a 

c 

a 

s 

Y 

6 


6 

a 

6 

c 

6 

ce 

6 

e 


6 

m 

6 

P 

6 

r 

6 

s 

6 

se 

A 


£ 


£ 

C 

£ 

S 

£ 

se 

£ 

sr 

y 


V 


a 


ce 


Unit  pressure  of  water  or  air  in  soil  pores 
Volume  or  volume  chunge 
Weight  or  force 

Critical  depth  or  cover;  limit  of  influence 
Coordinates 

Coefficient  of  thermal  expansion  of  pressure  cell 
Coefficient  of  thermal  expansion  of  soil 
Unit  weight 

Deformation  or  deflection;  in  coordinate  direction 

6 ,6  ,6 

x’  y’  z 

Average  deformation,  deflection,  or  depth 
Deformation  of  pressure  cell 

Cell  deformation  for  extraneous  soil  strain  £ 

se 

Differential  deformation  or  indentation  by  cell, 

5=6-6 

esc 

Maximum  deformation  or  depth 
Deformation  of  soil  pocket 

Deformation  of  more  rigid  soil  layer  at  interface 

Deformation  of  soil,  general  or  weak  layer  at  interface 

Extraneous  deformation  of  soil.  Equation  6h 

Indicates  incremental  change  in  loads,  stresses, 
deformations 

Strain  general;  coordinate  directions  e ,e  ,e 

x’  y’  z 

Strain  in  pressure  cell,  generally  average  axial  strain 
Strain  in  soil,  generally  average  axial  strain 
Extraneous  soil  strain.  Equation  6U 
Residual  soil  strain 

Coefficient  of  friction  in  soil,  y = tan  0 

Poisson  ratio,  generally  for  soil 

Normal  stress;  in  coordinate  directions  o ,o  ,o 

x y z 

Normal  stress  measured  by  pressure  cell,  general 
Axial  stress  indicated  by  cell 
Diagonal  stress  indicated  by  cell 
Cell  indication  for  extraneous  soil  strain  e 

se 


A3 


Reproduced  From 
Best  Available  Copy 


ct 

o 

cu 

0 

CP 

ac0 

a 

e 

a /o 
e s 


sc 

j 

se 

a 

u 


v 

? . ,o  . ,a  . 
xi  yi  zi 

Jxs,ays’azs 

°zh 

azi~A 

°zi-T 

a 

zm 
* °2  > ^3 


r 

T0 

0 


Total  atreoo  Indicated  by  cell,  o . = o ♦ o 

ct  cu  cu 

Pore  pressure  indicated  by  cell,  a » u 

Radial  stress  indicated  by  cell 

Tangential  stress  indicated  by  cell 

Error  in  pressure  cell  registration  o = a - o 

e c s 

Error  ratio  or  relative  error  (o  /a  ) = (a  /c  ) - 1 

e s c c 

Pressure  on  face  of  cell 
Normal  stress  in  rigid  inclusion 
Normal  cell  stress  from  dead  load 
Normal  residual  cell  stress 
Normal  stress  in  soil,  general 

Soil  stress  equivalent  to  extraneous  soil  strain 
Soil  stress  equivalent  to  extraneous  soil  strain  e 

se 

-u  = soil  stress  corresponding  to  x^ 

Normal  average  stress  in  weak  soil  cover  for  cell 
Normal  stresses  in  rigid  inclusion 
Normal  stresses  in  basic  soil  matrix 
Stress  by  Boussinesq  equations 

Axial  normal  stress  in  rigid  inclusion,  uniaxial  loading 

Axial  normal  stress  in  rigid  inclusion,  triaxial  loading 

Stress  by  Mindlin  equations 

Principal  stresses 

Shear  stress,  general 

Cohesion  component  of  soil  strength 

Failure  shear  strength  of  soil 

Shear  stress  in  horizontal  and  vertical  planes 

Friction  component  of  shear  strength 

Angle  of  internal  friction  of  soil  at  peak  strength 


Ah 
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